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ABSTRACT
POLYMER AND SMALL MOLECULE DESIGNS FOR ANION CONDUCTING
MEMBRANES: CONNECTED ION-CHANNEL MORPHOLOGIES AND HIGHLY
ALKALINE STABLE AMMONIUM CATIONS
September 2016
S. PIRIL ERTEM, B.S., BOĞAZİÇİ UNIVERSITY
M.S., KOÇ UNIVERSITY
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor E. Bryan Coughlin

Fuel cells are one of the oldest sustainable energy generation devices, converting
chemical energy into electrical energy via reverse-electrolysis reactions. With the rapid
development of polymer science, solid polymer electrolyte (SPE) membranes replaced
the conventional liquid ion transport media, rendering low-temperature fuel cells more
accessible for applications in portable electronics and transportation. However, SPE fuel
cells are still far from commercialization due to high operation cost, and insufficient
lifetime and performance limitations. Anion exchange membrane fuel cells (AEMFCs)
are inexpensive alternatives to current proton exchange membrane fuel cell (PEMFC)
technology, which relies on utilizing expensive noble-metal catalysts and perfluorinated
SPE materials. Unlike PEMFCs, there is not an ideal AEM material that provides
efficient ion transport, while being mechanically robust and chemically stable under
strong alkaline conditions. The objectives of this dissertation are to investigate
macromolecular design parameters to obtain robust membranes with efficient ion
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conductivities, and molecular design parameters to obtain alkaline stable ammonium
cations as an alternative to the benchmark benzyltrimethylammonium (BTMA) cation.
Macromolecular design parameters were explored by systematic variations of
polymer architecture from random, to graft, to symmetric pentablock copolymer
structures. Solvent processable random copolymers of polyisoprene-ran-poly(vinylbenzyltrimethylammonium

chloride)

were

synthesized

via

polymerization

of

commercially available monomers. Robust membranes were obtained by thermal or
photocross-linking of unsaturated isoprene units. Depending on the copolymer
composition, choice of cross-linking method, and the hydrophobicity of the cross-linker,
microphase-separated morphologies were obtained forming a connected network of ion
clusters. Connectivity improved ion conductivity by two to three orders of magnitude
even at low hydration numbers.
Connected ionic networks with larger domain sizes were obtained when polymer
chains with fixed cations were grafted onto a hydrophobic backbone. Systematic change
of graft length and graft density showed a strong correlation with domain connectivity. At
a fixed graft density, increasing graft length improved domain connectivity and ion
conductivity at the expense of excessive water uptake and dimensional instability. At a
fixed graft length, increased graft density improved domain connectivity due to decreased
domain size and distance, without compromising membrane dimensional stability.
Compared to analogous random copolymers two to three times higher ion conductivities
were obtained at relatively low hydration, reaching chloride ion conductivities as high as
50 mS/cm at 60 oC and 95 % relative humidity.
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A symmetric ABCBA pentablock was functionalized to obtain a midblock
quaternary ammonium functionalized polymer that are analogous to midblock sulfonated
Nexar® pentablock copolymers which have been commercialized by Kraton Polymers.
X-ray scattering and transmission electron microscopy revealed formation of a
microphase-separated inverse morphology where the minor ionic component formed the
connected phase. Membranes had elastomeric properties and superior water management
to graft copolymers while providing two to three times higher ion conductivity at an
equivalent ion concentration. This work represents the first example of a midblock
quaternized pentablock copolymer and the investigation of the structure-morphologyproperty relationships.
Lastly, improved alkaline stability of hexyltrimethylammonium (HTMA) cations
were investigated on a molecular level, by systematic structural design. Phenyl, phenyl
ether, and benzyl ether attached HTMA small molecule cations were synthesized. These
three spacer-modified cations were found to be six to ten times more stable than the
conventional BTMA cation. The linker chemistry did not influence the overall alkaline
stability, enabling easy access to stable ammonium cations. Analogous styrenic
monomers, and their homopolymers were synthesized. High stability of the homopolymer
cations was confirmed in comparison to poly(BTMA). This study provided a deeper
understanding of ammonium degradation mechanisms under strong alkaline conditions,
and proposed monomer designs for easy incorporation of stable ammonium cations onto
polymers.
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CHAPTER 1
INTRODUCTION

1.1

Overview
As long as life has existed, membranes have existed. From the smallest to the

largest living organisms, membranes play a crucial role regulating life through selective
ion or small molecule transport moderating processes such as protection (skin), nutrition
(guts), waste disposal (kidneys and lungs), and cell communication. Early experiments
on natural membranes, although mostly intended to understand physiological processes,
led to development of modern membrane science theories.1–3 Synthetic membranes date
back to early 20th century finding their first significant use for water purification during
World War II.4 Currently, synthetic membranes are widely used for large-scale
industrial applications; mainly for filtration, gas separation, pervaporation, and
desalination. With improved technology and experience of modern membrane science,
synthetic membranes are now designed to address global health and energy problems.
In a general sense, membranes are barrier layers separating two regions, while
allowing selective transport of molecules, ions, or other particles. Membrane design
requirements alter depending on the application area. Generally, microporous
membranes are utilized for filtration processes, while non-porous dense membranes are
needed for osmotic pressure, concentration, or electric potential driven diffusion
processes, such as reverse osmosis or gas separation. Membranes may have fixed anions
(or cations) for allowing selective permeation of counter ions. For example, a
membrane with fixed anions would allow passage of cations while preventing anion
transport. Popular industrial uses of these ionic membranes are electrodialysis for water
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desalination, electrolysis for hydrogen gas production, and chloro-alkali processes for
chlorine gas and caustic soda production.
One emerging application area of membranes is their use in energy storage and
conversion devices, fuel cells and batteries, where a solid polymer electrolyte (SPE)
membrane regulates ion transport between electrodes. There are several advantages of
using a SPE membrane instead of liquid electrolyte.5–7 Using a solid material reduces
the risk of leakage, and therefore risk of electrical shorts and fires. SPE membranes
separate the electrodes; provide a barrier as an electric insulator while providing ion
conductivity. Lastly, replacing liquid electrolytes with SPEs reduces device size and
weight, making it suitable for small portable devices, home appliances, and vehicles.8
Fuel cells are known as one of the earliest clean energy conversion systems.6,9
Essentially, a fuel cell converts chemically stored energy of the fuel - hydrogen, or in
some cases methanol - into electrical energy by a redox reaction, generating heat, water,
and electricity. There are several different types of fuel cells available. Among those,
proton and alkaline exchange fuel cells are the most suitable for SPE applications due to
their low operation temperatures.8,10 Figure 1.1 describes the chemical reactions and
operation mechanism of proton exchange membrane (PEM) and anion exchange
membrane (AEM) fuel cells.

2	
  

Figure 1.1 Scheme of operation principle of a PEM (left) and AEM (right) fuel
cell11
The first successful use of a PEM fuel cell was in the early 1960s for the US
Gemini space program.9,12 This styrenesulfonate based membrane, however, had
insufficient chemical stability, limiting long-term operation. In the late 1960s DuPont
developed the Nafion® ionomer and set a milestone for future development of PEM
fuel cells.13 Nafion® is a copolymer with a chemical structure combining a Teflon®like backbone with ionic perfluorosulfonic acid tethers (Figure 1.2). Good oxidative
stability, mechanical robustness, and high proton conductivity made Nafion® the
benchmark material for hydrogen and direct methanol fuel cell applications.
High proton transport of Nafion® is generally accepted to be related to its
microphase-separated morphology. Small angle X-ray scattering experiments suggested
formation of disordered domains with an average distance around 5 nm.14 To date, there
is no consensus on what is the exact morphology of Nafion®. The most accepted model
is formation of a percolated network of spherical water-filled clusters as proposed by
Hsu and Gierke in 1983 (Figure 1.2). Schmidt-Rohr and Chen suggested formation of
parallel aligned inverted connected cylindrical micelles.15 Recently, Kreuer and Portale
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proposed formation of disordered locally confined flat water domains.16 While the
morphology of Nafion® is still not well understood, it is generally accepted that the
microphase-separated ionic tethers from a connected ionic network allows for efficient
water assisted ion conductivity. Thus, Nafion® has been and still is a highly important
research subject both for industry and academia.
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Figure 1.2 Chemical structure and proposed morphologies of Nafion®4,14,15
However, safety concerns arising from utilizing fluorinated monomers and high
production and processing costs prompted development of other high performance PEM
materials. Significant amounts of time and investment has been devoted to find
alternative PEMs with equivalent, or better properties.5,17–20 Despite considerable
efforts, fuel cell technology is still far from commercialization mainly because of its
high cost. Currently PEM fuel cell technology relies on platinum based catalysts to
facilitate the electrochemical reactions.11,21 Moreover, to avoid catalyst contamination,
and to maintain cell performance, high purity fuel is required. Thus, to make fuel cell
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technology more accessible, solutions are sought to lower the overall cost without
compromising the device efficiency.
Anion exchange membrane (AEM) fuel cells are a cheaper alternative to PEM
fuel cells.6,11,22 The oxygen reduction reaction is easier under alkaline conditions such
that precious metal catalysts are not be needed at the anode. While hydrogen oxidation
reaction is still sluggish, oxidation of alcohols are easier under high pH conditions,
enabling use of liquid fuels with high volumetric energy densities.. Despite having these
advantages, currently there are not many commercially available AEM specifically
tailored and optimized for fuel cell applications.
An ideal membrane should provide sufficiently high ion conductivity
(>100 mS/cm), while being mechanically durable in the presence of hygrothermal
stresses that may occur in a membrane electrode assembly.23 Moreover, it should be
chemically stable under the alkaline conditions during operation. Finding an ideal
membrane that combines all these properties is nontrivial.
Ion conductivity is directly proportional to ion mobility and charge carrier
density.18 Hydroxide ion (OH-) mobility is inherently lower than protons.24 Thus, to
achieve comparable conductivities to PEMs requires an AEM with higher charge carrier
density. In other words, high concentration of cations tethered to the polymer backbone,
high ion exchange capacities (IECs), is necessary. At high IEC values mechanical
properties are usually compromised due to excessive water absorption and swelling of
the membranes. This trade-off between mechanical durability and ion conductivity
creates a need for new methods to improve mechanical integrity without compromising
ion conductivity. Another major concern is the stability of polymers and of the cation
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head-groups in the presence of nucleophilic hydroxide ion. Benzyltrimethylammonium
(BTMA) cation is by far the most commonly reported cation due to acceptable
degradation rate for running fundamental experiments. The chemical stability of BTMA
cation arises from its lack of β-hydrogens and thus the absence of susceptibility towards
Hofmann elimination (Figure 1.3), which is known to be the major cause of degradation
of tetraalkylammonium cation.25,26.

β

β

β

β
α

α

α

Hofmann elimination
mechanism

α

Figure 1.3 Degradation Mechanism of BTMA cation and Hoffman elimination.22

In addition to these three major concerns, there are some other challenges that
affect the overall durability of AEM fuel cells. One significant challenge is the accuracy
of OH- conductivity measurements. Hydroxide ions react rapidly with atmospheric
carbon dioxide and form carbonate (CO32-) and bicarbonate anions (HCO3-), which have
lower inherent mobilities than hydroxide.11,21,27 To avoid measurement errors caused by
possible ion concentration variations, conductivity measurements are usually run on
membranes in their original form with Cl- or Br- as the counter ion. However, water
uptake properties may also change depending on the identity of the counter ion, which
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can affect conductivity.28 The reader should refer to the detailed study of Marino et al.
for more information on the effect of counter ion on membrane properties.28
Another challenge is an accurate measurement of ion conductivity through the
membrane. Through-plane conductivity measurements, where the membrane is
sandwiched between two electrodes is challenging due to electrode polarization
complications at low electrode separation distances. Thus, it might be difficult to
decouple membrane resistance from the resistance at the membrane-electrode interface.
Therefore, most of the conductivity data in the literature are in-plane ion conductivities.
For this measurement typically a four-probe electrode is employed. The distance
between the electrodes is sufficiently large such that the contribution from interfacial
polarization is negligible and membrane conductivity measurements are more
reproducible. However, as will be discussed later, depending on the morphology present
in the membrane the in-plane conductivities may not reflect the through-plane
conductivities.29,30 In a real life application, solid polymer electrolytes are generally
embedded between two electrodes. Broadband dielectric spectroscopy is an advanced
through-plane measurement technique that may be employed to decouple various
polarization events from the bulk membrane response.31,32
Studies on developing AEMs with desired properties gained increasing interest
over the past decade. These efforts can be categorized mainly under three groups of
studies: 1) Studies focusing on macromolecular design for obtaining mechanically
robust membranes with good conductivities, 2) studies on the effect of microphaseseparated morphology on water uptake, swelling, and ion conductivity properties,
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3) and studies for novel molecular design for improved cation stability under alkaline
conditions.
One of the approaches employed to fabricate mechanically robust membranes is
to introduce chemical cross-links to the polymeric system. Studies have been focusing
on designing monomers and polymers with functional groups that allow cross-linking
during- or post-polymerization. There are many examples where cross-linking was
achieved during polymerization,33–36 or while quaternization reactions were being
performed.37–41 Examples for some of these materials are represented on Figure 1.4.

Robertson,&N.&J.,&Coates,&G.&W.,&et#al.,&
&J.A.C.S.&2010,&132,&3400–3404&
Clark&T.J.,&Coates,&G.W.,&et#al.&
&J.A.C.S.,#2009,&131,&12888&

&Price,&S.C.:&Jackson,&A.C.;&Beyer,&F.L.;&et#al.,&
Macromolecules.&2013,&46,&7332&

Zha&Y.,&Hickner,&M.A.,&Tew&G.&N.&et#al.,&
J.A.C.S.,#2012,&134,&4493&

Figure 1.4 Chemically cross-linked AEMs during polymerization and their
chemical structures

In most of these cases cross-linking takes place during membrane casting, which
eliminates the possibility for solvent processing, and further limits control over
membrane fabrication. Moreover, solvent processable ionomers may be used for
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applications as ionomer inks infusing into electrocatalyst layers for producing high
performance membrane electrode assemblies.37,42 Until now only a few AEMs were
reported that were prepared from solvent processable materials. These materials are
obtained from polymers with functional groups that allow heat or light induced crosslinking after membrane casting.43–47 One example stands out for being soluble in
aqueous n-propanol, while remaining insoluble in water at optimized IECs due to
physical cross-linking imparted by the polyethylene-like backbone.42 Figure 1.5 shows
examples of these systems.

Wang,$L.,$Hickner,$M.,$et$al.,$$
Polym.$Chem.,$2014,$5,$2928$
Gu,$S.,$Yan,$Y.,$et.$al.$$
Chem.$Commun.,$2011,$47,$2856$

Li,$N.,$Hickner,$M.,$et$al.,$$
Chem.$Commun.,$2014,$50,$4092$

$Coates,$G.$W.$et$al.,$
Macromolecules$2010,$43,$7147$

Figure 1.5 Solvent processable AEMs
It is known that membranes with ordered microphase-separated morphologies
generally exhibit higher ion conductivities compared to membranes with ill-defined
phase morphologies. Block copolymers have been shown to have superior ion
conductivities compared to random copolymers due to their ability to self-assemble into
well-defined ion channels.19,48–51 Therefore, ionic or ion conducting block copolymers
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and their structure-morphology-property relationships have been studied in detail for
applications as ion conducting membranes.48,50,52–60 It is now generally accepted that to
facilitate efficient ion transport connectivity of the ionic domains is required.
It was found that the orientation of the ionic domains in the direction of
conductivity played an important role on connectivity, and thus ion conductivity.50,51,56
Park and Balsara reported that in-plane and through-plane conductivities of diblock
copolymer films with aligned lamellae showed significant differences depending on the
orientation of the lamellae with respect to the conduction path (Figure 1.6).56 On the
other hand, membranes with anisotropically oriented ion-conducting domains displayed
less resistance for ion transport in both directions, suggesting that a well-connected
pathway between ion-conducting domains is a desirable morphology.51,56

Figure 1.6 Effect of domain alignment on ion conductivity.56
Research has shown that graft copolymers might provide desired morphology
with connected ion channels for efficient ion transport properties without compromising
mechanical stability.18,19 Detailed model studies by Holdcroft and others showed that at
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a similar IEC graft copolymers PEMs exhibited one order of magnitude higher proton
conductivities while absorbing significantly less water than their random and block
copolymer analogs.61–64 Improved conductivity and water uptake properties of graft
copolymers were related to their microphase-separated structure:17,65 Instead of forming
long-range ordered morphologies, graft copolymers formed disordered ionic domains.
The size and connectivity of these domains may be tuned by tuning graft length, graft
density, and the ion content on the graft chains. Fundamental studies on structuremorphology-ion transport relationship of graft copolymer AEMs are rather scarce.
Currently there are only a handful of examples for AEMs with graft or comb shaped
architectures.22,47,66–73 While these studies are novel for design, synthesis, and
properties, they do not follow a systematic approach to understand structuremorphology-property

relationships

of

graft

copolymers

as

AEMs.

Thus,

macromolecular design parameters that induce a disordered connected microphaseseparated morphology are unknown.
As mentioned before, BTMA is the most commonly reported cation. It is
synthetically relatively easy to incorporate into polymer structures. The reagents are
commercially available and inexpensive, and it has sufficient chemical stability for
fundamental studies. However, BTMA cations are not suitable for long-term
applications. Quaternary ammonium cations are susceptible to react with hydroxide ions
in two possible ways: (i) direct nucleophilic substitution and/or (ii) Hofmann
elimination.22,26 For cations where β-hydrogens to the ammonium groups are available,
Hofmann elimination is the most vulnerable degradation pathway.
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In an effort to improve alkaline stability novel molecular designs have been
explored. Generally, nitrogen and phosphorus atoms were used as cation centers. There
are considerable amount of work on the alkaline stability of imidazolium74–81,
guanidinium82,83, phosphonium,

43,84,85

and ammonium cations alternative to BTMA

(Figure 1.7).78,86–90 While the inventory for stable cation designs is rapidly growing,
there are not many designs that are polymerizable, or are easy to attach through a postpolymerization reaction. Moreover, some of these cation designs require multiple
synthetic steps, and therefore are not readily available. Among the available cation
centers ammonium cations are still more attractive since there is a larger selection of
amine precursors. Most of the time quaternization of a polymer requires a simple
boiling procedure in an amine solution, or exposure to amine vapor. Thus, there is a
great effort to find stable ammonium cation designs.
Ammonium-ca0ons-N+

Resonance-stabilized-ca0ons-Wang,&J.,&et#al.,&&
Macromolecules,&2010,&43,&3890&

N+

Hugar,&K.&M.;&Coates,&G.W.&et#al.;#
.J.A.C.S.#2015,&137,&8730&&
Marino,&M.G.;&Kreuer,&K.D.,#ChemSusChem&2015,&8,&513&
Pham,&T.;&Jannash,&P.;&ACS#Macro&2015,&4,&1370&
Bae,&C.&et#al.;&ACS#Macro&2015,&4,&453&

Phosphonium-ca0ons--

Lin,&X.&et#al.,&J.&Membr.Sci.,&2013,&
443,&193&

Coordinated-metal-ca0ons--

Noonan,&K.J.T.,&et#al.;&
J.A.C.S.,&2012,&134,&18161&
Zha,&Y.;&Tew,&G.;&et.#al.#
J.A.C.S.&2012,&134,&4493&

Yan&et.#al.;#Angew.#Chem.#
Int.#Ed.&2009,&48,&6499&

Figure 1.7 Alkaline stable ammonium, phosphonium, and resonance-stabilized
cations
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In 1997 Tomoi et al. reported that thermal stability of styrenic anion exchange
resins could be improved if the ammonium cation center was separated from the phenyl
ring by an alkyl chain that is at least three carbon long ((CH2)n, n > 3).86 This important
finding has been ignored until very recently. It was taken for granted that the alkyl
tethers would undergo Hofmann elimination due to having β-hydrogens and therefore
would not be stable. In 2013 Hibbs showed that polyphenylene based AEMs with alkyl
spacers were more stable at high pH than when decorated with BTMA cations (Figure
1.8).78 Theoretical studies suggested that the susceptibility to undergo Hofmann
elimination would decrease significantly for alkyl groups with chains longer than three
carbons.26 It was also predicted that BTMA cation would be less stable than spacer
modified ammonium cations, when the alkyl chain is longer than three carbons. While
there is a great effort for designing easily accessible alkaline stable phenyl attached
ammonium cations, there is a lack of understanding for why these spacer modified
cations are stable.

Figure 1.8 Spacer modified styrenic anion exchange resin designed by Tomoi
(left),9 and spacer modifier poly(phenylene) based AEM designed by Hibbs
(right).78
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1.2

Format of the Dissertation
As described before, there are three major challenges for the design of an ideal

AEM: i) high conductivity, ii) mechanical stability, and iii) chemical stability. In this
dissertation we describe our contribution for improvement of each of these aspects, and
our efforts to create a fundamental understanding of structure-property relationship. By
designing novel polymers, polymer architectures, and monomers, we studied the effect
of macromolecular design and morphology on ion conductivity, and the effect of
molecular design on alkaline stability of tetraalkylammonium cations.
In Chapter 2 design and synthesis of solvent processable ionomers are described,
that can be chemically cross-linked after film casting by either thermally or photoinitiated radical chemistry. A series of precursor copolymers were synthesized utilizing
two commercially available monomers, isoprene and 4-vinylbenzyl chloride (VBCl).
Subsequent quaternization of these polymers afforded water and methanol processable
ionomers with a wide range of IECs. Solution cast membranes were cross-linkable by
taking advantage of the unsaturated polyisoprene backbone either thermally or photoinitiated radical chemistry. A strong correlation was found between the choice of crosslinking method, the choice of cross-linker, water uptake, morphology, and the ion
conductivity. Environmentally controlled small angle X-ray scattering experiments
revealed a morphology that is reminiscent to that of Nafion® indicating that a wellconnected network of ion clusters may have formed. The findings of this study promises
a new class of ionomer material, membrane fabrication method, and understanding of
connectivity between ion clusters.
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In Chapter 3, effect of graft copolymer morphology on membrane properties is
systematically investigated. The copolymers were designed following a grafting-from
strategy. A series of trithiocarbonate decorated semi-crystalline polycylooctene and
amorphous polynorbornene macro-chain transfer agents (MCTA) were synthesized.
Poly(vinyl benzylchloride) side chains were grown from these MCTA via controlled
radical polymerization. Solvent cast films were subsequently quaternized to obtain
AEMs. Effect of backbone semi-crystallinity, graft length, and graft density on water
uptake and ion conductivity was studied in conjunction with microphase-separated
morphology. The findings of this study highlighted that there is a fine balance between
connectivity, ion conductivity, and mechanical robustness of membrane.
Chapter 4 presents the first example of a symmetric pentablock copolymer
modified and characterized for its AEM properties. The pentablock was functionalized
to obtain a midblock brominated polymer. Solution cast films were quaternized to
obtain AEMs with resulting IECs ranging from 0.4 to 0.9 mmol/g. X-ray scattering and
transmission electron microscopy (TEM) revealed formation of an inverted morphology
where the minority ionic component formed the connected phase. Despite the low IEC,
highly conductive membranes with low water absorption were obtained while
maintaining adequate mechanical properties in both dry and hydrated conditions.
Chapter 5 describes a systematic study of alkaline stability of spacer modified
ammonium cations that consist of β-hydrogens. Phenyl, phenyl ether, and benzyl ether
attached hexyltrimethylammonium small molecule cations, their styrenic monomer
analogues, and their homopolymers were synthesized. Alkaline stabilities of the small
molecule cations and the homopolymer cations were significantly (six to ten times)
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higher compared to BTMA and poly(BTMA), respectively. The study was further
expanded to understand the effect of intra-molecular interactions on cation stability.
Phenyl attached spacer modified cations were compared to non-phenyl attached cations.
Findings of this study strongly suggested that the alkaline stability is dictated by steric
hindrance around the β-hydrogen. With this knowledge a non-styrenic monomer and its
exceptionally stable homopolymer cation was designed. This study highlights important
design parameters for stable ammonium cations, and expands beyond the limits of
general knowledge on Hofmann elimination.
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CHAPTER 2
PHOTOCROSS-LINKED ANION EXCHANGE MEMBRANES WITH
IMPROVED WATER MANAGEMENT AND CONDUCTIVITY
This work is reproduced in part with permission from MACROMOLECULES, 2016, 49 (1), pp 153–161
and MACROMOLECULES, 2015, 48 (3), pp 655-662.
Copyright © 2015 American Chemical Society.

2.1

Introduction

There are several criteria to be met when designing AEMs: (i) high ion conductivities
should be achieved at desired operation conditions (≥100 mS/cm), (ii) chemical and
electrochemical stability under high alkaline environment, (iii) and sufficient
mechanical robustness in a membrane electrode assembly. Ion conductivity is directly
proportional to the diffusion coefficient and concentration of the conducting ion. Given
the lower mobility of hydroxide ions compared to protons, it is challenging to reach
high conductivities with AEMs as with PEMs. Increasing the ion exchange capacity
(IEC), thus the fixed cation concentration in the membrane, is a way to enhance ion
conductivity. However, mechanical integrity of the membranes is generally
compromised at high IECs due to swelling of membranes caused by excessive water
absorption.
An efficient way of preparing dimensionally stable robust AEMs is to introduce
chemical or physical cross-links to the system. Different approaches were used to form
cross-linked ionic networks: Semi-interpenetrated network approach was chosen to
prepare membranes from quaternizable poly(ethyleneimine) with poly(vinyl alcohol)
matrix.1 Quaternizable diamines were used to cross-link chloromethylated polysulfone
or polystyrene backbones.2–6 Similarly, already quaternized polymers or monomers with
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a cross-linkable functional group were used to form highly cross-linked anion
conducting networks.7–10 One of the most efficient methods was found to be ringopening

metathesis

polymerization

(ROMP).

Clark

et

al.

copolymerized

tetraalkylammonium functionalized norbornene with a cross-linkable comonomer to
obtain robust ion-conducting membranes.10 Similarly, Robertson et al. prepared a crosslinked AEM through ROMP of cross-linkable ammonium cations with cyclooctene as
comonomer.9 Optimized membranes reasonable water uptake values, and chloride ion
conductivities at high IECs.
A limiting factor for the abovementioned systems is the control over membrane
fabrication since polymerization and cross-linking occurs simultaneously during
membrane casting. Solvent processability is a desired property for producing thin,
durable ion exchange membranes. There are only a few examples for solvent
processable

ionic

copolymers.

A

solvent

processable

tetraalkylammonium

functionalized polyethylene was developed by Kostalik et al.11 While the quaternized
polymer was soluble in aqueous n-propanol, the solvent cast membrane remained water
insoluble, likely due to the physical cross-links imparted by the semicrystalline nature
of polyethylene. Gu et al. designed solvent processable polysulfones functionalized
with triphenylphosphonium cations.12,13 Solvent-cast membranes were thermally crosslinked through the Friedel-Crafts alkylation of the chloromethylated polymer backbone.
We have previously reported the synthesis of water and methanol soluble isoprene
containing ionomers.14 Taking advantage of the remaining double bond functionality of
isoprene units and their ability to cross-link under highly oxidative conditions we
prepared thermally cross-linked membranes. In these systems the extent of cross-linking

24	
  

was controlled by copolymer concentration, cross-linking temperature, and crosslinking time.
Thermal cross-linking generally requires high temperatures, and elongated
reaction times. Side reactions also become more susceptible at high temperatures. To
address this issue, Wang and Hickner prepared polystyrene based random, or block,
copolymer ionomers with pendant alkene groups.15 Olefin metathesis of these pendant
alkenes provided a cross-linked network at room temperature. Similarly, Li et al.
formed poly(phenylene oxide) based membranes with pendant alkene moieties crosslinked at room temperature using olefin metathesis.16 While both of these cross-linking
reactions were performed under ambient conditions, the obtained membranes were
either not dimensionally stable enough, or the conductivity values obtained were not as
high as expected. Moreover, the synthesis of these materials requires alkenefunctionalized monomer synthesis, or post-polymerization modification, to incorporate
cross-linkable moieties onto the polymer backbone.
Photocross-linking offers several advantages over thermal cross-linking: (i)
ambient reaction temperatures greatly reduce possible side reactions (ii) efficient crosslinking is achieved within seconds to minutes (iii) the application area is readily
adjustable, thus larger and thinner membranes can be prepared. Photo-induced radical
mediated thiol-ene chemistry has been widely used to obtain cross-linked networks and
to functionalize polymers.17–19 The versatility of thiol-ene chemistry originates from its
“click” type reaction characteristics: nearly quantitative yields can be achieved with
considerably high reaction rates, requires minimal or no catalyst, can be applied in bulk
or in solution, generates no side products, and there is a broad range of available thiols
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and alkenes. The insensitivity of thiol-ene reaction towards oxygen inhibition makes
thiol-ene chemistry especially attractive for operations at ambient conditions.17 Detailed
reviews on thiol-ene chemistry and its various applications can be found in the
literature.18–20 To date there are only a few examples for photocross-linked AEMs
prepared via thiol-ene chemistry. Stoicha et al. and Sollogoub et al. designed a
polyelectrolyte using poly(epichlorohydrin-co-allylglacidyl ether) copolymer.21–23
While the epichlorohydrin served as the quaternizable moiety, pendant double bonds of
allylglycidyl ether moieties were used for cross-linking with a dithiol cross-linker.
Recently, Tibbits et al. reported fabrication of AEMs with a single-step polymerization
and cross-linking by photoinitiated thiol-ene chemistry.24 In this work we present an
approach to efficiently fabricate ion-conducting membranes from solvent-processable
PI-ran-P[VBTMA][Cl] ionomers. The intrinsic double-bond functionality of the
isoprene units provides the necessary alkene-functionality for thiol-ene chemistry.
Breadth of available dithiols allowed choosing cross-linkers with desired physical
properties. Robust ion-conducting membranes were obtained under mild reaction
conditions and reduced cross-linking times.

2.2

Experimental

2.2.1 Materials
Isoprene (99%, Alfa Aesar) was distilled prior to use and stored under nitrogen.
4-vinylbenzyl chloride (VBCl) (90%, Acros Organics) was passed through a column of
basic alumina. 3,7-Dioxa-4-aza-6-phosphanonanoic acid, 4,5-bis (1,1-dimethylethyl)-6ethoxy-2,2-dimethyl-6-oxide (SG1) (BlockBuilder™) was kindly provided by Arkema.
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1,10-decandithiol (Alpha Aesar), 2,2’-(ethylenedioxy)ethanedithiol (Sigma Aldrich), 1dodacanethiol (Sigma Aldrich), trimethylamine (50 % aqueous solution, Acros
Organics), and 2-Hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone (IRGACURE
2959 ® Sigma Aldrich) were used without further purification.

2.2.2 General polymerization procedure for polyisoprene-ran-poly(vinylbenzyl
chloride) (PI-ran-PVBCl) copolymers
The synthesis of PI-ran-PVBCl copolymers has been reported previously.14 A
typical polymerization procedure is as follows: isoprene (5.44 g, 80.0 mmol),
vinylbenzyl chloride (8.15 g, 53.2 mmol) and SG1 (16 mg, 41.3 µmol) were transfered
into a Teflon® sealed Schlenk flask equipped with a magnetic stirrer. After three freezepump-thaw cycles the reaction flask was refilled with nitrogen gas. The
copolymerization reaction was performed at 125 oC for 20 h. The reaction was
quenched by cooling the flask in an ice bath. The viscous reaction mixture was diluted
with dichloromethane, and than precipitated into excess methanol to recover the
copolymers as colorless solids.

2.2.3 General polymerization procedure for polybutadiene-ran-poly(vinylbenzyl
chloride) (PB-ran-PVBCl) copolymers
A pressure vessel equipped with a stir bar was charged with 1.43 mL (10 µmol)
4-vinylbenzyl chloride, 17.4 mg SG1, and 15 ml xylene. The vessel was sealed and
attached to a manifold assembly.25 After three freeze-pump-thaw cycles butadiene was
transferred into the flask while cooled by liquid nitrogen. The amount of butadiene was
determined gravimetrically measuring the weight of the reaction flask before and after
the transfer (3.56 g, 66 mmol). The reaction vessel was placed in an oil bath at 140 oC.
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Reaction was quenched after 40 hours by immersing the vessel in an ice bath. Polymer
was recovered by precipitating in excess methanol. Copolymer ratio was determined by
1

H NMR as 15.5 mol% VBCl and 84.5% butadiene (18 mol % of total butadiene was

1,2 isomer).

2.2.4 General procedure for quaternization
Quaternization of PI-ran-PVBCl precursor were described in detail previously.14
Approximately 1 gram of precursor copolymer was weighed in a 20 mL syntillation
vial. About 15 mL 50 wt% aqueous trimethylamine solution was added. The top of the
vial was covered with Teflon® tape and sealed tightly. The mixture was heated to 60 oC
overnight. During the reaction the PI-ran-PVBCl copolymers dissolved in the aqueous
reaction mixture. After the reaction water was removed under constant airflow, and
subsequently under reduced pressure at 40 oC overnight to obtain the quaternized
polymer polyisoprene-ran-poly(vinyl benzyl trimethylammonium chloride) (PI-ranP[VBTMA][Cl]) as a pale yellow solid. Quaternized polymers were stored at -30 oC in
the dark until used. The quaternized polymers are represented as PI-ranP[VBTMA][Cl]-x, where x indicates the ion exchange capacity (IEC) of the polymer.

2.2.5 Instruments and characterization methods
1

H NMR analysis was performed on a Bruker DPX-300 FT-NMR. Polymer

Laboratories PL-GPC 50 integrated gel permeation chromatography (GPC) system was
used to determine molecular weights and dispersity indices of the polymers calibrated
against polystyrene standards in tetrahydrofuran at a flow rate of 1.0 mL/min using a
refractive index detector. Infrared spectroscopy was performed on a Perkin-Elmer
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Spectrum 100 FT-IR spectrometer with universal attenuated total reflection (ATR)
sampling accessory with a zinc selenide/diamond crystal. An average of four scans was
collected with a resolution of 4 cm-1. Ultraviolet (UV) irradiation was performed using
an Oriel Flood Exposure System Model # 97435 (500 W mercury arc lamp, 365 nm)
attached to a digital timer and a digital exposure controller.
The in-plane conductivity was analyzed using the membrane resistance
measured with electrochemical impedance spectroscopy (EIS). The membrane was
mounted in a four-probe test cell with platinum electrodes with a constant separation
distance. Impedance spectra were obtained over a frequency range of 1 Hz to 10 kHz.
EIS data were collected using a Bio-Logic VMP3 potentiostat. During the
measurements the samples were kept in a TestEquity H1000 oven to control
temperature and relative humidity (RH). The temperature was varied from 50 to 90 oC
by steps of 10 K at constant RH. Samples were allowed to equilibrate at each
temperature set-point for 35 minutes before data collection. Collected data was analyzed
using EC Laboratories software. Equation 1 is used to convert resistance data to
conductivity.
𝜎 =   

𝐿
𝑅  𝑤  𝑡

(1)

where R is the membrane polarization resistance, L is the distance between the
electrodes, w and t are the width and the thickness of the sample, respectively.
Through-plane ion conductivity measurements were conducted utilizing
impedance spectroscopy with custom electrode assemblies and automation software.
Humidity and temperature was controlled with an ESPEC SH-241 test chamber. The
free-standing membrane samples of irregular areas were lightly compressed between
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two gold-plated stainless steel electrodes, the top having an area of 0.07917 cm2 (1/8
inch diameter) and bottom having a 1/2 inch diameter. The impedance spectra were
sampled at regular intervals of 20 min using a Solartron 1260 Impedance/Gain Phase
Analyzer over a range of 10 MHz to 0.1 Hz in logarithmic steps of 10 points per
decade; at the impedance magnitude versus frequency spectrum the portion forming a
‘‘plateau’’ around 105 to 106 Hz (corresponding to the first local phase minimum) was
fitted to a constant magnitude function and interpreted as the bulk resistance R to ion
transport within the membrane. The thickness t of each membrane was measured with a
micrometer and the effective area for the conductance measurement was estimated as
the area of the top electrode area (A) so that conductivity was computed using the
equation (σ) = t/(AxR).
Small angle X-ray scattering (SAXS) experiments were performed at the
Advanced Photon Source at Argonne National Laboratory on beamline 12 ID-B. The Xray beam has a wavelength of 1 Å and power of 12 keV. Scattering data was collected
on a Pliatus 2M SAXS detector with an acquisition time of 1 second. Integration of the
2D scattering pattern with respect to the scattering vector (q) provided the intensity (I)
data. Temperature and humidity of the sample environment during SAXS
measurements was controlled using a custom designed oven with four sample slots with
Kapton® windows, as described previously.14,26,27 In a typical experiment the oven was
loaded with three membranes and one empty sample holder to collect a background
spectrum of the environment for each experimental condition. Samples were soaked in
water prior to loading. After removing the membranes from water, the superficial water
was lightly dried with a Kimwipe™. Samples were loaded into the oven at 60 oC at dry
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conditions. Loaded samples were allowed to equilibrate under dry gas flow for 20
minutes, and for 60 minutes at 95% RH, prior to X-Ray measurement. The chamber
temperature was kept constant as the RH was increased to 95% RH. Spectra were
analyzed by subtracting the background wave of the corresponding experimental
condition from the sample wave. Gaussian curve fitting was utilized to detect peak
maxima of scattering curves.
Ion exchange capacity (IEC) is defined as milliequivalents of cations per gram
of polymer, and was calculated from the ratio of VBCl to isoprene determined by 1H
NMR spectroscopy for each copolymer. IEC of membranes was experimentally
determined by performing Mohr’s Titration. Approximately 80 mg of membrane was
ion exchanged by stirring in 20 mL of 0.2 M NaNO3 (aq.) solution. The solution was
changed three times in total; first after 6 hours, then after 17 hours, to ensure complete
ion exchange. The extraction solutions were collected and titrated against 0.105 M
aqueous AgNO3 (aq.) solution using K2CrO4 as indicator (2 mL, 0.25 M in water). The
titrated IEC were calculated from the dry mass of the membrane and the volume of
AgNO3 (aq.) consumed.
Hydration number (λ) defines the number of water molecules per cation. This
value was calculated using the following equation:

𝑚!"#    − 𝑚𝑑𝑟𝑦
)  ×  1000
𝑚𝑑𝑟𝑦
𝜆 =   
𝑀𝑊𝑤𝑎𝑡𝑒𝑟 ×  𝐼𝐸𝐶
(

(2)

Dry mass (mdry) of the membranes was determined after drying membranes under
vacuum for 24 hours. Membranes were soaked in water for 24 hours prior to measuring
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the wet mass (mwet). Before weighing the membranes for mwet, the surface was gently
wiped to remove excess water.

2.2.6 Membrane fabrication and photocross-linking procedure
All membranes were prepared by drop-casting from a methanol solution
following a similar procedure: PI-ran-P[VBTMA][Cl]-1.68 (200 mg) was weighed into
an aluminum covered scintillation vial equipped with a magnetic stirrer. Photoinitiator
solution (1.8 mL, 5.8 mg/mL in methanol) was then added. The contents of the vial
were stirred until the polymer is dissolved. Three equivalents of dithiol cross-linker
(120 µL 1,0-decanedithiol or 88µL 2,2’-(ethylenedioxy)ethanedithiol)) was added
relative to the total amount of 1,2- and 3,4- isomers of isoprene units as estimated by 1H
NMR. The solution was thoroughly mixed in the dark for two more minutes.
Membranes were then drop cast on a Teflon® sheet and were covered with a Petri dish
to allow slow evaporation of the solvent, and were allowed to dry at ambient conditions
overnight in the dark. Cross-linking of the membranes was achieved by exposure to UV
light for 10 minutes (365 nm, 100 mW/cm2 at working distance).

2.2.7 Control experiment for thiol-ene reaction efficiency of isoprene isomers
A procedure similar to membrane fabrication procedure was used. Samples were
prepared using PI-ran-PVBCl precursor with 72 mol% isoprene with about 9% 1,2- and
3,4-isoprene isomers. In duplicate, about 70 mg polymer of polymer was dissolved in
photoinitiator solution in THF (0.6 mL, 5.8 mg/mL). To solution 1, one equivalent of 1dodecanethiol (138 µL) was added to the total amount of isoprene. To solution 2, one
equivalent of 1-dodecanethiol was added (12 µL) to the total amount of 1,2- and 3,432	
  

isomers. Films from each of the two solutions were drop cast onto Teflon® sheet,
covered with a Petri dish and dried overnight in the dark. Dried films were exposed to
UV light for 10 minutes (365 nm, 100 mW/cm2 at working distance).

2.2.8 Sol-fraction analysis
A procedure similar to membrane fabrication was used. Membranes were
prepared from PI-ran-P[VBTMA][Cl]-2.3 (77 mol% isoprene with about 9% 1,2- and
3,4-isoprene isomers) using 1,10-decanedithiol as the cross-linker. Three separate
methanol solutions were prepared by adjusting the cross-linker ratio relative to the total
amount of 1,2- and 3,4- isomers for each membrane as one, two, and three equivalents,
respectively. Membranes were drop-cast onto a Teflon® surface, covered with a Petri
dish for slow evaporation of solvent, and dried overnight in the dark. Dry membranes
were cross-linked by exposure to UV light for 10 minutes (365 nm, 100 mW/cm2 at
working distance). Upon cross-linking, each membrane was dipped in 15 mL distilled
water for 16 hours. A drop of water was transferred with a micro syringe onto ATR
plate and water was allowed to evaporate. This method was repeated three times before
collecting FTIR spectra of the water residue.
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2.3

Results and Discussion

2.3.1 Ionomer synthesis and membrane fabrication
A series of precursor copolymers poly(isoprene-ran-vinylbenzyl chloride) (PIran-PVBCl) were prepared through nitroxide mediated polymerization (NMP) of
isoprene and 4-vinylbenzyl chloride (VBCl) (Table 2.1). The synthesis and
characterization of similar copolymers was reported by the Coughlin Research Group
previously.14 The functional PI-ran-PVBCl precursors were quaternized through
substitution of benzyl chloride groups with trimethylamine (TMA) to obtain
benzyltrimethylammonium (BTMA) cations (Figure 2.1). The copolymer ratio dictated
the ion exchange capacities (IECs) of the quaternized PI-ran-P[VBTMA][Cl] ionomers.
Theoretical IEC values of the ionomers were calculated using the copolymer ratios of
the corresponding neutral precursors (Table 2.1). Nearly quantitative quaternization of
the functional polymer precursors were confirmed by FT-IR analysis. Upon
quaternization water and methanol soluble PI-ran-P[VBTMA][Cl] ionomers with
moderate to high IECs were achieved.

n

m

PI-ran-PVBCl

Cl

trimethylamine
60oC

n

PI-ran-P[VBTMA][Cl]

m

N

Figure 2.1 Quaternization of PI-ran-PVBCl to form PI-ran-P[VBTMA][Cl]
ionomers
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Table 2.1 Series of PI-ran-PVBCl copolymers, their average molecular weight,
dispersity and copolymer compositions, IEC of PI-ran-P[VBTMA][Cl]-x after
quaternization
Sample

PI-ran-PVBCl

PI-ran-P[VBTMA][Cl]

M na
fVBCl b
fVBClc
IECd
Ða
(kg/mol)
NMR(%) feed(%)
(mmol/g)
PI-ran-P[VBTMA][Cl] 1.37
115
2.91
10.5
11.5
1.36
PI-ran-P[VBTMA][Cl] 1.68
55.1
3.10
15.0
15.1
1.68
PI-ran-P[VBTMA][Cl] 2.15
69.1
2.83
21.2
25.5
2.15
PI-ran-P[VBTMA][Cl] 2.29
68.3
3.57
23.2
26.2
2.29
PI-ran-P[VBTMA][Cl] 3.11
68.8
2.89
38.1
40.0
3.11
x represents the IEC of the quaternized copolymers. aMn and Ð of PI-ran-PVBCl were measured by GPC
with respect to PS standards. bMole percent of VBCl as analyzed by 1H NMR. cMole percent of VBCl in
the monomer feed. dIEC of copolymers prior to cross-linking was calculated based on the mole percent of
VBCl as analyzed by 1H NMR.
PI-ran-P[VBTMA][Cl]-x

It is known that isoprene tends to form three types of isomers during NMP: 1,4addition, 1,2-addition, and 3,4-addition, where 1,4-addition is the dominant isomer.28–30
Relative ratios of each isomer can be estimated from 1H NMR by analyzing the vinyl
proton signals. A representative 1H NMR spectrum is shown in Figure 2.2. For the
series of PI-ran-PVBCl copolymers listed in Table 1, the relative mole ratios of 1,4-,
1,2- and 3,4- isomers were found to be around 90%, 4%, and 6%, respectively.
It has been reported that the reactivity of alkenes towards thiol-ene reaction is
inversely proportional to the extent of substitution.31 While terminal alkenes with single
substitution exhibit the highest reactivity, disubstitution reduces the reactivity
significantly. It has also been noted that internal alkenes are less reactive than terminal
alkenes due to steric effects. Thus, it can be expected that 1,2- isomer would be more
reactive than 3,4- isomer, while 1,4- isomer would be the least reactive.

35	
  

Figure 2.2 1H NMR spectrum of PI-ran-PVBCl copolymer in CDCl3. Inset is
enlarged vinyl proton region of isoprene with corresponding isomer assignments.
Signals between δ 4.6-6.0 ppm are assigned to the vinyl protons of isoprene: The
intense peak of the dominant isomer overlaps with the peaks of two geminal
protons of 1,2- isomer (δ 4.8-5.0 ppm), while the signal for the vicinal proton of
1,2- isomer is observed around δ 5.0-5.3 ppm. The geminal protons of 3,4- addition
give peaks around δ 4.6-4.8 ppm.
A control experiment was designed to confirm the reactivity of the isoprene
isomers toward thiol-ene reaction. An unquaternized polymer was reacted with a
monothiol and the integrals of vinyl protons were monitored. Figure 2.3 depicts the
chemical shift region for isoprene for unreacted and reacted polymers. Benzyl protons
were used as a reference to analyze the changes in vinylic proton signals. An overall
decrease in double bond content was observed for both of the thiol-ene reacted systems.
While the vicinal proton of 1,2- isomer could still be detected in both cases, it was
greatly reduced compared to the unmodified polymer precursor. With a stoichiometric
ratio of thiol to the total number of double bonds, nearly 50% of all 1,2- isomers were
consumed. An overall reduction of the total double bond content was also observed
(28% at stoichiometric ratio), suggesting that the backbone double bonds of isoprene
might also have reacted with thiols. Reactivity of the 1,4- isomer toward thiols has been
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shown for cross-linking of styrene-b-isoprene-b-styrene block copolymers with thiols.32
The persistence of vinylic peaks suggests that not all of the double bonds reacted, even
at a stoichiometric ratio of thiol to isoprene. While it was not possible to detect the rate
of reaction for individual isomers in these control experiments, it is reasonable to
assume that sterically less hindered pendant double bonds would be consumed faster.

Figure 2.3 Thiol-ene reaction of isoprene isomers. Inset is expanded 1,2-isomer
addition region between δ5.9-5.6 ppm. Peaks between δ4.3-3.9 are due to
photoinitiator residues.
Considering that the sterically less hindered double bonds are more reactive, the
amount of dithiol cross-linker was adjusted with respect to the total amount of pendant
alkenes. The ene to dithiol ratio was optimized to 1:3 after detailed sol-fraction analyses
Three membranes were prepared using the same PI-ran-P[VBTMA][Cl] precursor.
Membranes were cross-linked using 1,10-decanedithiol (DT) with a pendant ene to
dithiol ratio of 1:1, 1:2, and 1:3. Following photocross-linking the membranes were
soaked in water. Since the ionomer precursor is soluble in water, any uncross-linked
fraction would dissolve in water and would be detected by spectroscopic techniques.
FT-IR spectra were collected for each sol-phase (Figure 2.4). When compared with the
spectra of the neat DT and the uncross-linked PI-ran-P[VBTMA][Cl] precursor, at two
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folds excess of the stoichiometric amount of the pendant double bonds (1:1 ene:dithiol)
vibrational peaks are observed that could be assigned to the uncross-linked residual
polymer. As the dithiol ratio was increased to 1:2, the spectrum resembled more of a
plain water spectrum. At 1:3 ene to dithiol ratio the spectrum did not show any residual
polymer peaks within detection limits.

Figure 2.4 Sol-fraction FT-IR analysis of photocross-linked PI-ran-P[VBTMA][Cl]
copolymer with increasing ene to dithiol ratio.

Two separate sets of membranes were prepared using two different dithiol crosslinkers with similar molecular weights: 1,10-decanedithiol (DT) and 2,2’38	
  

(ethylenedioxy)diethanethiol (EDDT). The main difference between DT and EDDT was
the slight hydrophilic character of EDDT imparted by the oxygen atoms, while DT has
an intrinsic hydrophobic character due to its aliphatic hydrocarbon structure. The total
mass of the network would increase with the addition of the cross-linkers. Therefore,
the final IEC of the membranes would be lower than their corresponding precursor
ionomers. The adjusted IECs were calculated for each of the membranes using the total
mass of the network with the added dithiol cross-linker, and were confirmed
experimentally by titration. The titration results were found to match with the adjusted
IEC values, suggesting an efficient cross-linking (Table 2.2). The slightly lower IECs
than the adjusted IEC values is likely due to incomplete ion exchange of chloride ions
with nitrate ions during the ion exchange process. This would result in a lower chloride
concentration of the analyte solution, thus an underestimated IEC value.
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Table 2.2 Adjusted and titrated IEC values, % water uptake, chloride
conductivity, average d-spacing under dry and hydrated environment
λ

σ60oC b
(mS/
cm)

σ90oCb
(mS/
cm)

ddry c
(nm)

dwetd
(nm)

15.2

10.7

3.3

9.6

4.9

5.4

0.96

20.8

10.6

7.2

15.3

4.8

5.3

1.47

1.38

39.6

15.0

6.8

15.9

4.5

5.2

DT

1.60

1.50

56.7

19.7

10.2

21.1

4.5

5.3

PI-ran-P[VBTMA][Cl] 3.11

DT

2.38

2.19

335

78.2

17.2

33.7

4.9

5.6

PI-ran-P[VBTMA][Cl] 1.37

EDDT

0.83

0.70

25.0

16.8

5.1

13.0

4.2

4.7

PI-ran-P[VBTMA][Cl] 1.68

EDDT

1.13

0.88

38.0

18.7

8.2

15.8

4.1

5.0

PI-ran-P[VBTMA][Cl] 2.15

EDDT

1.53

1.42

67.3

24.4

19.6

37.1

3.8

NA

PI-ran-P[VBTMA][Cl] 2.29

EDDT

1.66

1.48

115

38.5

7.1

11.1

3.8

5.2

PI-ran-P[VBTMA][Cl] 3.11

EDDT

2.45

2.28

437

99.0

n.d.

n.d.

3.4

NA

IECtit

w.u.a
(%)

0.79

0.66

DT

1.09

PI-ran-P[VBTMA][Cl] 2.15

DT

PI-ran-P[VBTMA][Cl] 2.29

PI-ran-P[VBTMA][Cl]-x

Crosslinker

IECadj

PI-ran-P[VBTMA][Cl] 1.37

DT

PI-ran-P[VBTMA][Cl] 1.68

a

b

x represents the IEC of the quaternized copolymers. Water uptake Conductivity measurements are
collected at 95% relative humidity c Average distance between ionic clusters as determined from SAXS
at 60 oC at dry conditions d Average distance between ionic clusters as determined from SAXS at 60 oC
at 95% relative humidity

2.3.2 Characterization of the photocross-linked membranes
2.3.2.1 Water uptake properties
It was shown that the ion conductivity through polymeric media is highly
dependent on the presence of water in the system.14,33,34 However, water compromises
the mechanical stability due to its plasticizing effect on ion-conducting membranes.
Especially at high IECs, membranes usually absorb excessive amounts of water and
become dimensionally unstable. Water uptake properties of both DT-cross-linked and
EDDT-cross-linked membrane series were investigated. Both of the series showed low
to moderate water uptake and λ values for IECs between 0.8-1.5 mmol/g and moderate
to high water uptake at higher IECs. (Table 2.2,Figure 2.5) For IECs below 1.6 mmol/g,
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DT-cross-linked membranes had water uptake values around 15-57 wt%. Excessive
water uptake at the highest IEC limit resulted in a water uptake as high as 335 wt%.
EDDT-cross-linked membranes showed a similar trend: moderate to high water
uptake for membranes with IECs below 1.66 mmol/g, and excessive water uptake for
the highest IEC membrane. Overall, the water uptake values of the EDDT-cross-linked
membranes were 1.5–2 times higher compared to the DT-cross-linked membranes at
similar IECs. This significant difference between the two series of membranes
confirmed the increase in hydrophilic character of the membranes by incorporation of
the hydrophilic EDDT cross-linker to the polymer network.

Figure 2.5 Hydration numbers (λ) of thermally cross-linked (triangles),14 EDDTcross-linked (squares) and DT-cross-linked (circles) membranes. Lines are drawn
as a guide to the eye
In both of the series, the highest IEC membranes experienced excessive water
uptake. Precursors of the highest IEC membranes have a copolymer ratio of around 60
mol% isoprene and 40 mol% VBTMA. Since the pendant vinyl groups consist of only
8-10 mol% of the isoprene units, the cross-link density of these membranes presumably
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would not be sufficient to mitigate extreme swelling. At this IEC, the EDDT-crosslinked membrane swelled comparably more than the DT-cross-linked membrane. Also,
the EDDT-cross-linked membrane was fragile and hard to manipulate. This is
presumably due to slightly more hydrophilic character of EDDT-cross-linked
membrane. This observation highlights the importance of a control over the water
absorbtion to maintain the mechanical integrity of ion-conducting membranes.

2.3.2.2 Ion conductivity properties
Ion conductivity of the photocross-linked membranes was studied under
temperature and humidity controlled environments. Accurate measurement of
hydroxide ion conductivity at humidified conditions is a known challenge due to
reactivity of hydroxide ions toward atmospheric carbon dioxide.35,36 Also, stability of
the cationic groups under alkaline conditions add another parameter to consider. While
BTMA cations are stable enough for fundamental studies, ion conductivities of the
photocross-linked membranes were collected with chloride as the conducting ion. The
measurement results could then be interpreted without the influence of interfering
conditions. Conductivity values at 60 and 90 oC are reported in Table 2.2 and are
depicted in Figure 2.6.
DT-cross-linked membranes showed a monotonic increase of conductivity with
increasing IEC. For the studied IEC range, conductivity values stayed within two orders
of magnitude. Highest conductivity was achieved from the highest IEC membrane.
Chloride ion conductivities as high as 33.7 mS/cm were observed at 90 oC. While the
conductivity values stayed within two orders of magnitude, nearly five-fold increase
was observed as IEC was increased from the lowest to the highest IEC (Table 2.2).
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Figure 2.6 Ion conductivities of thermally cross-linked (triangles)14, EDDT-crosslinked (squares), and DT-cross-linked (circles) membranes. Lines connect data
points as a guide to the eye.
Conductivity of the EDDT-cross-linked membranes increased gradually until
IEC 1.5 mmol/g, at which the highest conductivity was obtained. Beyond this IEC,
conductivity decreased substantially. At IEC 1.66 mmol/g conductivity values were
almost as low as the lowest IEC membrane. The highest IEC membrane was fragile
when hydrated, such that the membrane was not easy to handle and mount into the
instrument. Thus, data collection was not possible.
For the membranes with IECs around 1.5 mmol/g and below, EDDT-crosslinked membranes showed slightly higher conductivities than their DT-cross-linked
counterparts. EDDT-cross-linked membranes reached their highest conductivities at
IEC 1.53 mmol/g, while the DT-cross-linked membranes showed two to three times
lower conductivity values at an equivalent IEC. This difference is likely due to the
higher water uptake of EDDT-cross-linked membranes, as well as a more uniform
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distribution of water within the membrane. Due to slight hydrophilic character imparted
by the EDDT cross-linker, absorbed water molecules are presumably drawn into the
cross-linked network. Thus, the water molecules would not be localized only around
BTMA moieties, and would likely infuse into the cross-linked network surrounding the
ionic moieties. Therefore, in EDDT-cross-linked membranes ions would likely be
transferred between BTMA moieties through the delocalized aqueous medium.
DT-cross-linked membranes showed as high conductivities as the EDDT-crosslinked membranes only at their highest IEC limit. While this could be explained by the
high water content, the amount of water molecules to render this conductivity is much
higher than it is for the EDDT-cross-linked membrane at IEC 1.53 mmol/g. DT-crosslinked membrane at IEC 1.60 mmol/g absorbed similar amount of water (λ=19.7) to the
highest conducting EDDT-cross-linked membrane. However, the conductivity values
were still lower than the EDDT-cross-linked membrane, despite the slightly higher IEC.
It was found that the diffusion coefficient of the conducting ion approximates its
dilute solution diffusivity limit, when ion-conducting membranes are sufficiently
hydrated.7,37 It is also known that conductivity is a function of diffusion coefficient, and
these values are directly proportional.33 Therefore, once the dilute solution conditions
are reached, it would likely not be possible to increase the conductivity further by
increasing the IEC.14 The conductivity of the DT-cross-linked membranes at the highest
IEC were presumably collected close to dilute solution conditions, given the large water
content in the membrane, and thus the highest conductivity possible was achieved at
this IEC. In general, these conductivity values were relatively high. By comparison,
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Robertson et al. reported 24.6 mS/cm chloride conductivity for a membrane at IEC 2.3
mmol/g.9 This value was collected while the membrane was immersed in water at 50oC.
While these observations emphasize the role of water for ion conductivity, it is
also evident that the distribution of water within the membrane plays a critical role for
efficient ion transport through a polymeric medium. However, excessive water
absorption needs to be avoided to maintain the mechanical stability of the membrane.

2.3.2.3 Morphology of the photocross-linked membranes
Morphologies of the photocross-linked membranes were investigated with
SAXS under environmentally controlled conditions. Figure 2.7 and Figure 2.8 show the
SAXS patterns of the DT-cross-linked and EDDT-cross-linked membranes,
respectively, at 60 oC under dry and 95% relative humidity conditions. Membranes of
both series showed a scattering peak around 0.1-0.2 Å-1 reminiscent of the ionomer peak
of hydrated Nafion®.38–40 The electron density contrast is rendered by the chloride ions.
Therefore, these scattering peaks were attributed to microphase separation of BTMA
moieties, presumably to form ion clusters.
When dry, DT-cross-linked membranes showed an average d-spacing between
ion clusters in the range of 4.5-4.9 nm. A monotonic decrease of d-spacing was
observed with increasing IEC. This decrease indicates formation of ion clusters that are
closer to each other with decreasing volume of the non-ionic network surrounding the
BTMA moieties. The highest IEC membrane deviates from this trend and shows a dspacing similar to the d-spacing of the lowest IEC membrane. This deviation suggests a
stronger microphase separation between the ionic and the non-ionic domains,
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presumably due to high mole fraction of the BTMA groups on the precursor PI-ranP[VBTMA][Cl] precursor, and thus strong incompatibility with the DT cross-linker.

Figure 2.7 SAXS data for DT-cross-linked membranes at dry (left) and 95% RH
(right) environment. Spectra are offset along the y-axis for clarity.

When hydrated, a slight shift of the scattering peaks toward higher scattering
angles was observed, indicative of swelling of the membranes as the hygroscopic ion
clusters absorb water. The change in average d-spacing from dry to hydrated state
becomes more pronounced as the IEC is increased. This is presumably due to higher
water uptake of the membrane with increasing IEC, as well as the reduced volume
fraction of the cross-linked network, thus less support to swelling ionic clusters. The
peak intensities and peak width at half maximum stay rather similar upon hydration.
This indicates that the ion clusters do not undergo a significant rearrangement to form
well-defined clusters. Swelling of the ion clusters are presumably restricted by the
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surrounding cross-linked hydrophobic matrix. Therefore, swelling of the clusters, and
thus the membranes, is limited.

Figure 2.8 SAXS data for EDDT-cross-linked membranes at dry (left) and 95%
RH (right) environment. Spectra are offset along the y-axis for clarity.
Similarly, EDDT-cross-linked membranes show a decreasing trend of d-spacing
with increasing IEC, when dry. In general, inter-cluster spacing of EDDT-cross-linked
membranes was found to be smaller than the DT-cross-linked membranes. At 95%
relative humidity, the scattering peaks shifted toward lower scattering angles. This shift
was more pronounced compared to the DT-cross-linked membranes, suggesting that
EDDT-cross-linked membranes swelled more, presumably due to their higher water
uptake. The scattering peak intensity decreased remarkably after hydration. Scattering
peaks of the membranes with IECs 1.53 mmol/g and 2.45 mmol/g disappeared almost
completely upon hydration. The latter showed a shoulder at lower scattering angles
suggesting phase separation of larger length scales (30-40 nm). Absence of the
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scattering peak around 0.12 Å indicates a more uniform distribution of the chloride ions
within the hydrated membranes. As discussed earlier, the hydrophilic EDDT crosslinker likely induces absorbtion of the water molecules by the cross-linked network
surrounding the ion clusters. The dissociated chloride ions can presumably diffuse into
the cross-linked network. Thus, chloride ions are not localized to the ion clusters. The
delocalization of the chloride ions is also likely the reason of relatively weaker
scattering peaks of the hydrophilic membranes in their hydrated state.

2.3.2.4 Correlation of the morphology with the ion conductivity
Many studies have shown the effect of an interconnected microphase separated
morphology on ion conductivity.41–44 Findings indicated that a connected ionic network
is an important factor to promote ion conductivity. Studies have shown that block
copolymers generally exhibit higher conductivities than the random copolymer analogs
due to their strong microphase separated morphology.45–47 However, the connectivity of
the ionic domains is influenced by multiple factors such as the microphase separated
morphology,48 grain size and structure,49, and the isotropic alignment of the ionic
domains in the direction of conduction.46,49,50 The microphase separated morphology
can be controlled by adjusting the volume fractions of each block, however a connected
network morphology (gyroid) is difficult to achieve. Moreover, ionic block copolymers
may show unusual phase separation behavior due to large chemical mismatch between
the ionic and the non-ionic blocks.51,52 Grain size and the isotropic alignment of the
ionic domains depends on many other factors such as the choice of film casting solvent,
the membrane preparation technique, and the thermal history of the polymer membrane.
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Therefore, desired connected morphologies, thus ion conductivities, may not be readily
obtained.
Our findings indicate that a connected ion pathway might be obtained using
random copolymers. The SAXS results of each membrane were correlated with the ion
conductivity obtained under similar conditions. Hydrated membranes exhibited an
average distance between ionic clusters around 4.7–5.6 nm. These distances match with
the previously reported d-spacing range for various other ion-conducting membranes.53
These values also correlate with our findings with thermally cross-linked analogous
membranes, where we proposed a critical d-spacing below witch a percolated ionic
network may have formed. This correlation is discussed in detail in the following
section.
The highest conductivity was measured at IEC 1.54 mmol/g for the EDDTcross-linked membrane series. This high conductivity was attributed to a more uniform
distribution of water molecules within the cross-linked network. Absence of the
scattering peak at this IEC for the humidified membrane indicates a uniform distribution
of the chloride ions with inclusion of water to the system, supporting a uniform
distribution of water within the membrane. DT-cross-linked membranes exhibited
almost 3 times lower conductivity at a similar IEC (1.47 mmol/g). At this IEC a
scattering peak was observed corresponding to an average d-spacing around 5.2 nm.
The effect of a uniform distribution of ions can also be observed by comparing
the conductivities of the two membrane systems at other IEC values. At IEC around 1.1
mmol/g EDDT-cross-linked membranes have slightly higher ion conductivity then the
DT-cross-linked membranes, while both membranes have a d-spacing around 5 nm.
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Increasing IEC from 1.09 mmol/g to 1.47 mmol/g does not significantly improve
chloride conductivity for the DT-cross-linked membrane, and the d-spacing between
ionic clusters remain almost constant. For similar IEC transition EDDT-cross-linked
membranes the ion conductivity increases nearly 2.5 fold while the ion cluster peak
vanishes. It is important to point out that the change in λ value for this IEC transition is
around 5 water molecules for both of the membrane systems. These observations
strongly suggest that a more uniform distribution of water molecules within the
membrane might facilitate ion transport between clusters.
Beers and Balsara demonstrated that ion clusters may obstruct ion transport by
designing a block copolymer membrane with a cluster-free ionic domain.53 Cluster-free
ionic domains were achieved at a narrow lamellar d-spacing (≤ 12 nm). However, it is
nontrivial to achieve robust block copolymer membranes with such small average dspacing, since high molecular weights are necessary to provide molecular
entanglements for desired mechanical properties. Moreover, for block copolymers the
extent of phase separation depends on average block molecular weight, and other
factors, as listed above. Our observations demonstrate that the effect of ion clustering
on ion conductivity could be suppressed by tuning the hydrophilicity / hydrophobicity
of the network surrounding the ion clusters. By this approach highly ion-conducting
membranes can be obtained without sacrificing mechanical robustness. Moreover, the
disordered morphology of the random copolymers would allow easier membrane
processing.
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2.3.3 Effect of cross-linking method:
Comparison of photocross-linked membranes with their thermally crosslinked counterparts
In our previous work from our group we discussed preparation and
characterization of thermally cross-linked membranes of PI-ran-P[VBTMA][Cl]
ionomers.14 Photocross-linked membranes were prepared using similar ionomers with
higher IECs. The addition of a cross-linker increased the overall mass of the network,
thus resulting in a reduced IEC. The final IECs of the photocross-linked networks were
comparable to the IECs of the thermally cross-linked counterparts.
Both photocross-linked membrane series absorbed comparably less water than
their thermally cross-linked counterparts at a comparable IEC (Figure 2.5). While the
EDDT-cross-linked membranes absorbed more water than the DT-cross-linked
membranes, the overall water uptake values of the photocross-linked membranes were
still lower than the thermally cross-linked membranes. Generally, photocross-linked
membranes swelled comparably less than the analogous thermally cross-linked
membranes.54 These observations suggest that photocross-linking allows for better
control over cross-link density.
It is important to point out that despite the lower water uptake value, the EDDTcross-linked membrane at the highest IEC was more fragile compared to the thermally
cross-linked membranes at their highest IEC. The thermally cross-linked membrane was
formed from a PI-ran-P[VBTMA][Cl] precursor with 24 mol% isoprene, while its
photocross-linked equivalent consists of 38 mol% isoprene. Thus, photocross-linked
membrane contained less available cross-linking sites. This compositional difference
likely is a reason for the fragile nature of the hydrated EDDT-cross-linked membrane at
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high IEC limit. DT-cross-linked membranes with IEC 2.38 mmol/g, on the other hand,
were not as fragile. The softness of the EDDT-cross-linked membrane is presumably
due to plasticizing effect of water that is absorbed by the EDDT units of the crosslinked network.
When ion conductivities were compared, the most remarkable difference of the
photocross-linked membranes from their thermally cross-linked counterparts is their
equivalent or higher conductivity values despite their comparably lower water uptake
(Figure 2.6). Especially at the lowest IEC limit, both EDDT- and DT-cross-linked
membranes show almost two orders of magnitude higher conductivities than the
thermally cross-linked membrane with IEC 0.77 mmol/g. At this IEC thermally crosslinked membranes absorbed around 30 wt% water (λ=20). While the EDDT-crosslinked membranes absorb similar amount of water at a similar IEC, DT-cross-linked
membranes still absorb half of the amount of what thermally cross-linked membranes
absorb. This observation strongly suggests that efficient ion conductivity cannot be
solely explained by the extent of water uptake or ion concentration.
The scattering profiles of the photocross-linked membranes exhibit clear
differences to their thermally cross-linked counterparts, providing an understanding of
the difference between the conductivities of thermally and photocross-linked
membranes at their lowest IEC limit. In our discussion on the thermally cross-linked PIran-P[VBTMA][Cl] membranes we found a strong correlation between morphology
and ion conductivity.14 When the d-spacing between ionic clusters was below a critical
distance (5.0–5.6 nm) the ion conductivity improved significantly. This was attributed
to formation of a percolated network of ionic clusters. The largest average d-spacing
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obtained from hydrated photocross-linked membranes was 5.6 nm (Table 2.2). At their
lowest IEC hydrated DT- and EDDT-cross-linked membranes formed clusters with an
average d-spacing of 5.4 and 4.7 nm, respectively. Hydrated thermally cross-linked
membranes with IEC 0.77 mmol/g had an average d-spacing around 6 nm. This
observation matches well with our previous findings, and suggests an interconnected
ionic network formation below a critical d-spacing. It also indicates that membranes
with low IEC, and therefore low water content, may exhibit high ion conductivities, if
the correct morphology is achieved. This could lead the way for preparation of robust
and high ion-conducting membranes with better water management.
Other important findings of the SAXS results are the differences of change in
peak intensity and the peak position with the change in relative humidity. Scattering
peaks of thermally cross-linked membranes became sharper and more intense with
inclusion of water, indicating formation of better-defined ion clusters. Photocrosslinked membranes, on the other hand, did not show a significant change in scattering
peak intensity. In case of EDDT-cross-linked membranes the peak intensities decreased,
such that some membranes did not scatter when hydrated due to uniform ion
distribution. Peak shifts of the photocross-linked membranes were relatively less
pronounced compared to the thermally cross-linked membranes. This indicates a wellcross-linked network formation for photocross-linked membranes with more confined
ionic clusters.
Mechanical properties of thermally and photocross-linked membranes under
temperature and humidity controlled environment was reported recently.54 Using similar
precursor ionomers a DT-cross-linked membrane and two thermally cross-linked
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membranes were prepared applying different cross-linking times (3 hours and 24
hours). Here the reader should be informed that the overall IEC of the photocross-linked
membrane was about 1.5 times lower than the thermally cross-linked membranes due to
the added cross-linker. For the thermally cross-linked membranes the mechanical
properties were found to be strongly dependent on the cross-linking time, as well as the
changes in the ambient conditions. In general, photocross-linked membranes showed
more consistent dimensional and mechanical stability, when hydrated. The findings of
this study indicated that photoinduced thiol-ene cross-linking approach is a reliable
technique to prepare cross-linked ion-conducting networks in significantly shorter
times.

2.3.4 Effect of dithiol cross-linker on ion conductivity and morphology
We have shown that the hydrophobicity difference between the dithiol crosslinkers affected the water uptake, conductivity, and morphology of the photocrosslinked membranes. Membranes cross-linked with EDDT absorbed comparably more
water, and exhibited higher conductivities than the membranes cross-linked with DT.
This difference was attributed to the ability of EDDT to draw water into the crosslinked non-ionic network, which improved connectivity of the dissociated ions in water.
To test this hypothesis a series of membranes were prepared utilizing a mixture of both
cross-linkers over a range of 0 to 100 % EDDT (Table 2.3).
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Table 2.3 Membranes with mixed cross-linkers, their adjusted IEC values, %
water uptake, hydration value, chloride conductivity, average d-spacing under dry
and hydrated environment
w.u.a

σ60oC b

ddry c

dwetd

(mS/ cm)

(nm)

(nm)

10.8

1.87

5.6

5.5

25.8

10.6

3.74

4.9

5.2

1.37

33.8

13.7

6.50

4.6

4.7

75:25

1.38

34.7

13.9

5.78

4.2

n/a

100:0

1.40

49.8

19.7

6.66

3.7

n/a

EDDT:DT
(mol %)

IECadj

PI-ran-P[VBTMA][Cl] 2.23

0:100

1.33

26.0

PI-ran-P[VBTMA][Cl] 2.23

25:75

1.35

PI-ran-P[VBTMA][Cl] 2.23

50:50

PI-ran-P[VBTMA][Cl] 2.23
PI-ran-P[VBTMA][Cl] 2.23

PI-ran-P[VBTMA][Cl]-x

a

(%)

λ

b

x represents the IEC of the quaternized copolymers. Water uptake Conductivity measurements are
collected at 95% relative humidity c Average distance between ionic clusters as determined from SAXS
at 60 oC at dry conditions d Average distance between ionic clusters as determined from SAXS at 60 oC
at 95% relative humidity

As expected, the lowest and the highest water uptake values were obtained when
0 mol% EDDT (or 100 mol% DT) and when 100 mol% EDDT were used as a crosslinker, respectively. At the EDDT concentrations between these two extremes, water
uptake increased gradually with increasing EDDT content, indicating that EDDT clearly
induced water uptake (Figure 2.9).

Figure 2.9 Water uptake (left), chloride ion conductivity (right) of the membranes
with mixed cross-linkers
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Ion conductivity properties of the membrane series with gradient EDDT crosslinker were determined at 95 %RH and at a range of temperature. At constant humidity
and temperature lowest conductivities were obtained from the membrane with 0%
EDDT. With increasing EDDT content conductivity increased 2 to 3 folds. Note that,
ion conductivity reached a plateau at a 50 % EDDT:DT composition. Beyond this
composition the conductivity values first experience a slight drop, and then an increase
again. The conductivity plateau suggests that at this composition the necessary amount
of water might have been reached to facilitate efficient ion conductivity.
The phase-separated morphologies of the membranes with mixed cross-linker
composition were determined under controlled temperature and relative humidity.
When dry, all membranes showed a peak around 0.11 to 0.17 Å-1 corresponding to an
average d-spacing between 5.6 to 3.7 nm (Table 2.3,Figure 2.10). A monotonic decrease
of d-spacing and peak intensity was observed with increased EDDT content, indicating
that EDDT induced formation of weakly phase separated and presumably larger
domains. The two oxygen atoms on EDDT structure likely render better miscibility of
the non-ionic network with the ionic moieties, decreasing the distance between the ionic
domains.
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Figure 2.10 SAXS curves of membranes when dry (left)
and hydrated (right) at 60oC. Spectra are offset for clarity.

When hydrated, scattering peaks of the individual membranes were observed to
shift towards lower scattering angles as a result of absorbed water and swelling of the
ionic domains. At 0% EDDT concentration the peak position was nearly unchanged,
likely due to low water uptake. The change in peak position was more pronounced for
the membrane with 25% EDDT. Moreover, with increasing EDDT content peaks broad
and low scattering intensity peaks were observed. Therefore it was difficult to
determine the peak position for membranes with higher EDDT content. At the highest
composition nearly featureless scattering curve was obtained, indicating an isotropic
distribution of the scatterers, i.e. chloride ions. Thus, the chloride ions are not localized
and likely dissociated in the connected water phase in the membrane. These
observations support our hypothesis for improved connectivity between ionic domains
of EDDT cross-linked membranes. The connectivity is likely influenced by the
miscibility of EDDT with the ionic groups decreases the d-spacing between the
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domains, and the added hydrophilicity to the non-ionic network driving water into the
non-ionic network, and thus facilitates transport of dissociated ions.
The conductivity values of the membranes with featureless scattering curves
coincide with the conductivity plateau. This observation suggests that the connectivity
between the ionic domains has been acquired at a critical EDDT content of around 50
mol%. This finding promises preparation of membranes with better water management
while maintaining the necessary connectivity between the ionic domains.
The conductivity values of these membranes with 100% DT and 100% EDDT
are lower than expected, compared to the first series of membranes that were discussed
earlier in this chapter. The conductivity values of the gradient EDDT membrane series
were measured at the University of Massachusetts Amherst utilizing a through-plane
impedance spectroscopy designed by Dr. Craig Versek and Prof. Mark Tuominen, while
the previously discussed membranes were analyzed with in-plane conductivity
measurement technique at the Colorado School of Mines in collaboration with Prof.
Andrew Herring. The main difference of these measurement techniques is the distance
between the two electrodes. In a through-plane conductivity measurement a membrane
is inserted between the two electrodes. Thus, the distance between the two electrodes is
dictated by the membrane thickness, which is in the range of micrometers. At low cell
constants, i.e. at low electrode separation distance to conduction area ratio, electrode
polarization may occur due to accumulation of charges at the polymer-electrode
interface, and its contribution to overall impedance may become non-negligible. On the
other hand, the distance between electrodes in the in-plane conductivity measurements
is several millimeters. Thus, the impedance measurement reflects more of the bulk
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membrane properties. Therefore, it is possible to see a difference between the two
measurement values.

2.4

Summary
We presented preparation of ion-conducting membranes utilizing isoprene based

solvent processable ionomers. Robust membranes were obtained by cross-linking the
membranes using thiol-ene photochemistry taking advantage of the remaining
unsaturation on the polymer backbone. Two different dithiol cross-linkers were used to
prepare two separate series of cross-linked membranes with a range of IEC values. The
difference between the chemical structures of the dithiol cross-linkers affected the water
uptake profile of the series. Membranes with more hydrophilic cross-linker absorbed
comparably more water. Both of the photocross-linked membrane series showed ion
conductivities within the same order of magnitude, where the EDDT-cross-linked
membranes exhibited slightly higher conductivities. This difference was attributed to
higher water content within the EDDT-cross-linked network.
A strong correlation was found between the ion conductivity and the
morphology of the membranes. Photocross-linked membranes formed ion clusters with
an average d-spacing around 5.6 nm and smaller. Some of the membranes lacked the
ion cluster peak when hydrated. The highest ion conductivity value was obtained from
the membrane without the ion cluster peak. This observation suggested that a uniform
distribution of conducting ions might have promoted ion conduction through polymeric
media.
This hypothesis was tested by designing membranes utilizing both of the crosslinkers and by tuning the EDDT to DT ratio. We observed that EDDT had an influence
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on both water uptake and morphology of the membranes. With increasing EDDT
content the distance between the ionic domains decreased, suggesting formation of
larger clusters. Also, relative peak intensity decreased indicating formation of less
defined domains. Thus, the oxygen atoms on EDDT molecule likely induced phase
mixing of the cross-linked non-ionic network with the ionic domains.
Scattering peaks of the hydrated membranes vanished when more than 50 mol%
EDDT was used. A featureless scattering curve would occur only if the scattering units
were evenly distributed throughout the membrane. Thus, the dissociated chloride ions
must be distributed through a percolated aqueous network. This network seems to form
around 50 mol% EDDT content. Beyond this concentration ion conductivity of the
membranes reach a plateau, thus neither having more water nor smaller d-spacing
improve conductivity.
The importance of this work lies in the fact that high ion conductivities can be
obtained from low IEC membranes with relatively low water contents. This study also
highlights that a percolated network may be achieved by tuning the hydrophobicity of
the cross-linked non-ionic network. With this better understanding of the control over
the desired morphology, highly conducting robust membranes with improved water
management can be obtained.
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2.5

Future Directions
As a progression of this work we designed random copolymers of butadiene and

vinylbenzyl chloride. Unlike polyisoprene, unsaturated polybutadiene backbone is less
sterically hindered giving the polymer a semicrystalline nature. Moreover, during
polymerization of polybutadiene only 1,4- and 1,2-isomers form, rendering a relatively
larger quantity of reactive pendent double bonds for dithiol cross-linkers. Our
preliminary polymerization efforts of copolymer synthesis were successful, and a
polybutadiene based random copolymer with a theoretical IEC 2.0 mmol/g was
prepared (PI-ran-P[VBTMA][Cl] 2.0). Membranes were prepared using a similar
procedure to the membrane preparation with isoprene-based polymers. Five membranes
with an average IEC of 0.9 mmol/g were prepared utilizing mixed cross-linkers.
We were not able to complete all the intended characterizations. However, we
were able to run SAXS measurements under controlled environment (Figure 2.11).
Similar to the isoprene-based membranes, dry membranes showed a peak indicating
formation of ion clusters. At 0 mol% EDDT the d-spacing was detected as 5.8 nm. With
increasing EDDT content the relative intensity of the peaks and the d-spacing decreased
(5.5 nm for 25 mol%, 5.0 nm for 50%). Membranes with more than 50% EDDT nearly
featureless scattering curves were observed, suggesting that the material did not have a
strong phase separation.
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Figure 2.11 SAXS curves of membranes prepared from PB-ran-P[VBTMA][Cl] 2.0
using mixed dithiol cross-linkers when dry (left) and hydrated (right) at 60 oC.
When hydrated d-spacing increased for the membranes with 0 and 25 mol%
EDDT, while at higher EDDT concentrations scattering intensity was not high enough
to assign an accurate peak position. At 50 mol% EDDT the scattering curve seemed to
contain two weak peaks, suggesting that the two cross-linker might be causing two
different domain formations. While we did not gather conclusive information from the
scattering, and do not have a conductivity data to correlate to, we still obtained
morphologies similar to isoprene-based membranes. Thus, butadiene-based polymers
promise a new platform of solvent-processable cross-linkable polymers as AEM
materials.
The main advantage of butadiene-based systems is their sterically more
available double bonds. Isoprene-based polymers were shown to need 1:3 pendent
ene:dithiol ratio to obtain robust membranes. The high dithiol ratio was necessary likely
due to low 1,2-isomer content, which is the most reactive isomer towards thiol-ene
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reaction. However, almost equal mass of dithiol was added to the polymer, causing the
final IEC of the membranes to be significantly reduced relative to the original IEC of
the precursor polymers. Therefore, high IEC membranes could only be prepared from
polymers with low isoprene (high VBTMA) content that have low number of available
cross-linking sites. Thus, high IEC membranes absorbed large amounts of water
rendering weak membranes due to their low cross-link densities.
Reduced steric hindrance of polybutadiene, and higher number of 1,2-isomers
would allow to reduce the amount of dithiol cross-linker necessary to obtain crosslinked network. Thus, reducing overall cross-linker amount will help to design high IEC
membranes without sacrificing the overall available cross-linking sites. Robust
membranes may be prepared from precursor polymers with IECs that is not suitable for
isoprene-based membranes. Moreover, semicrystallinity of polybutadiene will likely
reinforce the membranes at temperatures below their melting points.
For a better understanding of the differences between the two systems, further
conductivity, DSC, and scattering experiments need to be performed. Moreover,
minimum ene:dithiol ratio to obtain cross-linked membranes of the butadiene-based
polymers needs to be reinvestigated.
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CHAPTER 3
GRAFT COPOLYMER DESIGNS FOR MEMBRANES WITH
CONNECTED ION-CHANNEL MORPHOLOGIES

3.1

Introduction
Block copolymers have been shown to have superior ion conductivities

compared to random copolymers due to their ability to self-assemble into well-defined
ion channels.1–5 Therefore, ionic or ion conducting block copolymers and their
structure-morphology-property relationships have been studied in detail for applications
as ion conducting membranes.1,3,6–14 A take home message of these studies was the
necessity of connectivity between ionic domains for efficient ion conductivity.
Park and Balsara made an important observation, the effect of anisotropic
alignment of ionic domains on proton conductivity.10 For a membrane, in which the
lamellae were aligned parallel to the surface of the membrane, in-plane conductivity
values were found to be significantly higher than through-plane conductivity. This
observation is very important from a practical point of view. Most of the conductivity
data in scientific reports are in-plane ion conductivities. This technique is preferred over
through-plane measurement to avoid electrode polarization complications. However, in
a real life application solid polymer electrolytes are sandwiched between two
electrodes. Thus, achieving high through-plane conductivity is important. This means
that the ion channels should be oriented perpendicular to the surface of the membrane,
which is difficult to achieve and requires optimized membrane preparation processes.
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Elabd and Winey studied membranes prepared from sulfonated styrene-bisoprene-b-styrene copolymers.4 The membranes underwent an order-disorder transition
with increasing degree of sulfonation, forming a non-periodic morphology with cocontinuous ionic domains. Beyond this point through-plane proton conductivity
increased one to two orders of magnitude. However, this percolation also led to a
significant increase of water uptake of the membranes, increasing from 25 wt% to up to
350 wt% at high IECs.
Beyer et al. and Lodge and Hillmyer et al. proposed a different approach to
achieve membranes with co-continuous conducting and reinforcing phases. Block
copolymers were designed where the hydrophobic block consisted of cross-linkable
units. Robust membranes were obtained with co-continuous morphologies, however a
fine balance between the rate of cross-linking and rate of phase-separation was
necessary to maintain desired properties.15,16 Thus, control over membrane fabrication
was limited.
Holdcroft et al. introduced the idea of using graft copolymers to form ion
conducting membranes.17–22 Their detailed studies showed that at a similar IEC graft
copolymers exhibited one order of magnitude higher proton conductivities while
absorbing significantly less water than their random and block copolymer analogs.17–20
Improved conductivity and water uptake properties of graft copolymers are related to
their microstructure:21,22 Instead of forming long-range ordered morphologies, graft
copolymers form disordered ionic domains. The size and connectivity of these domains
was found to be dependent on graft length, graft density, and the ion content on the
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graft. Thus, by tuning these parameters, it is possible to achieve a non-periodic isotropic
morphology with connected ionic domains.
There are only a handful of examples of graft or comb shaped copolymer
designs for AEMs, and most of them have not been characterized for their structuremorphology-property relationships. Major emphasis has been given to grafting
technique and utilizing engineering polymers as hydrophobic backbones. For example,
ultrahigh molecular weight polyethylene (UHMWPE), and poly(ethylene-cotetrafluoroethylene) (PETFE) based membranes were designed via radiation grafting of
PVBCl.23–26 Radical initiator sites were generated exposing the polymer powder to
gamma rays prior to monomer addition. Thus, the polymerization, average graft density,
and graft length were not controlled. Also, the obtained polymer could not be
characterized with common spectroscopic techniques due to solubility issues, which
may have arisen due to cross-linking during polymerization induced by chain transfer to
monomer. Therefore membranes were prepared by melt pressing.
Ran et al. used poly(vinylidine difluoride) (PVDF) as backbone and designed
solvent

processable

polymers.27

Vinyl

benzyltrimethylammonium

chloride

(V[BTMA][Cl]) was used as a monomer instead of VBCl. This way, possible crosslinking through chain transfer to monomer was mitigated. Control over average graft
length was slightly better, since grafting reaction was performed utilizing controlled
radical polymerization technique. However, average graft density was still not
controlled, since the radicals were generated via fluoride to bromide exchange during
polymerization induced by a copper catalyst. It should also be noted that perfluorinated

70	
  

polymers are not chemically stable under alkaline conditions due to the susceptibility of
dehydrofluorination.28
There are only a handful of AEM studies where the comb or graft copolymer
architecture was correlated with structure-property relationships. In a recent systematic
study a comb shaped polysulfone backbone decorated with BTMA cations was shown
to reach significantly high hydroxide conductivities at considerably low IECs. This was
achieved by forming a percolated ionic network induced by the 6 to 14 carbon long
alkyl side chains (combs) attached to the polymer backbone.29 This idea was further
explored by Li et al. where brominated PPO backbones were quaternized with
dimethylalkylamines, where the alky length was varied from 1 to 16 carbons.30–32 Note
that in these examples the combs are neutral, unlike the abovementioned examples
where the grafts are ionic.
To date, there is only one example where ionic graft copolymer morphology was
correlated to anion conductivity properties. In this study three PPO-g-P[VBTMA][Cl]
copolymers were synthesized.33 Grafting was achieved via ATRP, providing control
over graft length. Graft density was controlled by the average degree of bromination of
the PPO backbone. When compared to the linear equivalent of similar IEC, graft
copolymers showed superior conductivity properties, yet absorbed 2-3 times more
water. Cross-linking the membranes reduced water uptake by 70% without reducing ion
conductivity.34 High ion conductivities were correlated to formation of a non-periodic
phase separated morphology.
All the above mentioned studies have two common conclusions: i) graft
copolymers allow formation of isotropic connected ion channels ii) graft copolymers
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have reduced water uptake allowing robust membrane formation. However a
fundamental structure-morphology-property relationship of graft copolymers as AEMs
is still unexplored. In this study we present our systematic study of graft copolymer
architectures to understand the fundamental relationships between polymer design and
connected ion-channel morphology. For this purpose we designed an orthogonal
synthetic

approach.

Combining

two

mechanistically

different

polymerization

techniques, ring-opening metathesis polymerization (ROMP) and reversible addition
fragmentation

chain

transfer

(RAFT)

polymerization,

PVBTMA

grafted

polycyclooctene and polynorbornenes were obtained. Relationships between the graft
density, graft length, and morphology were explored.

3.2

Experimental Methods

3.2.1 Materials
4-vinyl benzylchloride was passed through a short column of basic alumina and
stored at -30 oC before use. Thermal initiators, 2,2’-Azobis(2-methylpropionitrile)
(AIBN) was recrystallized from methanol. 2-cyano-2-propyl butyl trithiocarbonate (OCTA) was synthesized following a previously reported method.35 Ethyl acetate was
dried over magnesium sulfate for at least one day before use. Other chemicals were
used as received without further purification.

3.2.2 Monomer synthesis
Chain transfer functionalized cyclooctene (COE) and norbornene (NB)
monomers were synthesized by Dr. WenXu Zhang, and have been reported in detail
elsewhere.36
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3.2.2.1 Synthesis of trithiocarbonate functionalized cyclooctene (COERAFT)
In the first step, 5-hydroxy-1-cyclooctene was synthesized using a previously
reported method.37,38 In the second step, sodium hydride (60% suspension in oil, 1.59 g)
was stirred with hexanes and then quickly filtered before use. Into an Erlenmeyer flask,
potassium iodide (4.6 g, 27.7 mmol), 4-vinyl benzylchloride (5.0 g, 33.0 mmol), 5hydroxy-1-cyclooctene (3.4 g, 26.9 mmol), and 50 mL DMF was charged, and cooled to
0 oC in an ice bath. Sodium hydride (60% suspension in oil, 4.43 g, 111 mmol) was
washed with hexanes and then quickly filtered before use. While stirring the mixture,
purified NaH was added in portions over 10 minutes. After complete addition the
mixture was stirred for one hour at 0oC. The reaction was allowed to warm to room
temperature and proceed overnight. The reaction was quenched by slowly adding water.
The mixture was extracted with diethyl ether. The organic layer was collected and
washed with water 3 times. Finally, the organic layer was concentrated and purified
utilizing column chromatography with hexanes being the eluent to yield a colorless oil
(4.80 g, yield = 74%) as the product, StCOE. The chemical structure was confirmed by
NMR and MS (Theoretical 242.17, FAB-MS Found 243.18 for M+H).
In the third step, StCOE (3.75 g, 15.4 mmol) was mixed with O-CTA (3.90 g,
16.7 mmol), AIBN (340 mg, 2.1 mmol), and 9 mL ethyl acetate in a Schlenk flask. The
yellow reddish solution was degassed by purging nitrogen for 20 minutes and then
sealed before being heated to 70 oC. Be careful: a significant amount of nitrogen can be
produced and a needle was plugged to balance the pressure. After 48 hours, the solution
was concentrated and subject to column chromatography using hexanes: ethyl acetate =
5:1 (v:v) as the eluent to yield a viscous yellow oil as the product (6.28 g, yield = 84%).
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The structure was confirmed by NMR and MS (Theoretical 475.2, ESI-MS 498.1 for
M+Na).
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Figure 3.1 1H NMR of COERAFT

3.2.2.2 Synthesis of trithiocarbonate functionalized norbornene (NBRAFT)
First, 5-norbornene-2-methanol (mixture of endo- and exo-isomers) was
synthesized. Into an Erlenmeyer flask was added 5-norbornene-2-carboxaldehyde (25 g,
205 mmol) and 200 mL MeOH. At 0 oC, sodium tetrahydroborate (21.6 g, 571 mmol)
was added in portions (~1 g) to the stirring mixture. After 12 hours, the reaction was
quenched with 100 mL 1M HCl solution and 100 mL deionized water. The product was
extracted with ethyl acetate, and purified by passing a short column. The structure was
confirmed by 1H NMR.
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In the second step, sodium hydride (60% suspension in oil, 4.43 g, 111 mmol)
was washed with hexanes and then quickly filtered before use. Into an Erlenmeyer
flask, potassium iodide (7.74g, 46.6 mmol), 4-vinylbenzyl chloride (14.5 g, 94.8 mmol),
5-norbornene-2-methanol (9.05 g, 72.9 mmol), and 150 mL DMF was charged. To the
stirring mixture at 0 oC NaH was slowly added over 10 minutes. One hour later, the
reaction was allowed to warm to room temperature and run overnight. The reaction was
quenched by slowly adding water. The mixture was extracted with diethyl ether. The
organic layer was collected and washed with water 3 times. Finally, the organic layer
was concentrated and purified using column chromatography with hexanes/ethyl acetate
(20:1 = v:v) being the eluent to yield a slightly yellow transparent oil as the product,
StNBE. The chemical structure was confirmed by NMR.
In the third step, StNBE (6.50 g, 27.0 mmol) was mixed with 6.40 g O-CTA
(6.40 g, 27.4 mmol), AIBN (520 mg, 3.2 mmol), and 16 mL dried ethyl acetate in a
Schlenk flask. The yellow solution was degassed by purging nitrogen for 20 minutes
and then sealed with a rubber septum before being heated to 70 oC. (Be careful: a
significant amount of nitrogen can be produced.) A needle was left in the septum to
balance the pressure. After 48 hours, the solution was concentrated and subject to
column chromatography using hexanes: ethyl acetate = 8:1 (v:v) as the eluent. The
product was collected as a yellow oil with high viscosity (9.56 g, yield = 74%). The
structure was confirmed by NMR and MS (Theoretical 473.19, FAB-MS 474.18 for
M+H).
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Figure 3.2 1NMR of NBRAFT

3.2.3 Polymer synthesis
3.2.3.1 RAFT functional polycyclooctene (PCOE) synthesis
An example for synthesis of a 4 mol% RAFT functionalized PCOE (PCOE-4) is
as follows: A 20 mL scintillation vial equipped with a septum cap and a magnetic stirrer
was charged with 647 mg (5.87mmol) COE and 103 mg (0.26 mmol) COERAFT. In a
separate vial 45mg (52 µmol) Grubbs 2nd (G2) generation catalyst was dissolved in 1
mL toluene. Both flasks were submerged into an ice bath and cooled to 0oC and purged
with nitrogen for 15 min. G2 solution was added onto monomer solution at 0oC. The
solution was continued to stir in ice bath for 15 minutes, until a viscous solution was
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obtained. After 1 hour 0.1 ml of ethylvinyl ether was added to the solution. The viscous
solution was diluted with dichloromethane, and then precipitated in excess methanol to
recover pale pink polymer (649 mg, 84% yield). The polymer was stored at -30 oC in
the dark. The nomenclature for these polymers is in form of PCOE-y where y
designates the mol% of RAFT groups.
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Figure 3.3 1H NMR of PCOE-4

3.2.3.2 RAFT functional polynorbornene (PNB) synthesis
An example for synthesis of an 8 mol% RAFT functionalized PNB is as follows:
A 20 mL scintillation vial equipped with a septum cap and a magnetic stirrer was
charged with 363 mg (3.86 mmol) NB, 160 mg (0.34 mmol) NBRAFT and 1 mL toluene.
In a separate vial 33 mg (40 µmol) Grubbs 1st (G1) generation catalyst was dissolved in
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2 mL toluene. Both flasks were submerged into an ice bath and cooled to 0oC and
purged with nitrogen for 15 min. G1 solution was added onto monomer solution at 0oC.
The solution was continued to stir in ice bath. After 1 hour 0.1 ml of ethylvinyl ether
was added to the solution. The viscous solution was diluted with dichloromethane, and
then precipitated in excess methanol to recover pale pink polymer. (649 mg, 84% yield).
(SPE-4-73) The polymer was stored at -30 oC in the dark. The nomenclature for these
polymers is in form of PNB-y where y stands for the mol% of RAFT groups.
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Figure 3.4 1H NMR of PNB-8
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3.2.3.3 Grafting 4-VBCl from functional polycyclooctene or polynorbornene
A typical grafting reaction from PCOE-4 was performed as follows: To a dry 20
mL scintillation vial equipped with a magnetic stirrer and a septum lid was charged 100
mg PCOE-4 (4 mol% (15 wt %) RAFT groups, 32 µmol). To the vial 3.4 mL
chlorobenzene was added and stirred until the polymer dissolved. PCOE tends to crosslink over time, so it is recommended to use it immediately. Slightly cross-linked PCOE
can still be dissolved in chlorobenzene when heated to 50 – 60 oC). To the solution 0.35
ml 4-VBCl (2.5 mmol) and 0.3 mL AIBN solution (1.65 mg/mL in chlorobenzene) was
added. The vial was submerged into an ice bath and purged with nitrogen for 30
minutes. Reaction was started by placing the vial on to a hot plate with a heating block
set at 65 oC. After 18 hours the reaction was quenched by cooling in an ice bath.
Material was recovered by precipitating in excess methanol (with 4-methoxyphenol as
inhibitor) as a pale yellow powder (150 mg). Average degree of polymerization per side
chain was determined to be 12 units. The nomenclature for graft copolymers is in the
form of PCOE 4-12, where 4 is the mol % of RAFT groups and 12 is the average
number of units per side chain.
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Figure 3.5 1H NMR of PCOE 4-12
Grafting from PNB-8 was performed following a similar procedure: To a dry 20
mL scintillation vial equipped with a magnetic stirrer and a septum lid was charged 80
mg PNB-8 (7.5 mol% (29 wt %) RAFT groups, 50 µmol). To the vial 2.5 mL
chlorobenzene was added and stirred until the polymer dissolved. To the solution 0.45
ml 4-VBCL (3.2 mmol) and 0.5 mL AIBN solution (1.65 mg/mL in chlorobenzene) was
added. The vial was submerged into an ice bath and purged with nitrogen for 30
minutes. Reaction was started by placing the vial on to a hot plate with a heating block
set at 65 oC. After 18 hours the reaction was quenched by cooling in an ice bath.
Material was recovered by precipitating in excess methanol as a pale yellow powder
(123 mg). Average degree of polymerization per side chain was determined as 8 units.
The nomenclature for these graft copolymers is in the form of PNB 8-8, where the first
8 stands for the mol % of RAFT groups and the second 8 is the average number of units
per side chain.
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Figure 3.6 1H NMR of PNB 8-8
3.2.4 Membrane fabrication
All PCOE based membranes were prepared following a similar procedure: 100
mg of polymer was dissolved in 1 mL chloroform. Films were drop-cast onto a Teflon
sheet. Then, the film was covered with a petri dish to allow slow evaporation of solvent
overnight. Dry film on a Teflon® sheet was transferred into a polypropylene centrifuge
tube. The Teflon ® sheet prevented the film to stick to the walls of the tube. The tube
was then charged with 20 -30 ml aqueous TMA (50 wt%) solution, enough to submerge
the whole membrane. The tube was covered with a lid, sealed with Parafilm, and set
into an oil bath at 65 oC. Films were quaternized overnight. Quaternized films were
removed from the solution, washed in a distilled water bath, and stored wet in a Ziplock
bag until further use.
All PNB membranes were prepared with a similar method. Polymer solutions were
prepared using THF. For example, 119 mg polymer was dissolved in 570 mg THF.
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Films were drop-cast onto a Teflon sheet. Then, the film was covered with a petri dish
to allow slow evaporation of solvent overnight. Dry film on a Teflon™ sheet was
transferred into a polypropylene centrifuge tube. The Teflon™ sheet prevented the film
to stick to the walls of the tube. The tube was then charged with 20 -30 ml aqueous
TMA (50 wt%) solution, enough to submerge the whole membrane. The tube was
covered with a lid, sealed with parafilm, and set into an oil bath at 65 oC. Films were
quaternized overnight. Quaternized films were removed from the solution, washed in a
distilled water bath, and stored wet in a Ziploc® bag until further use.

3.2.5 Characterization methods
1

H NMR spectroscopy was performed on a Bruker Avance III 500. Infrared

spectroscopy was performed on a Perkin-Elmer Spectrum 100 FTIR spectrometer with
universal ATR sampling accessory.

3.2.5.1 Ion conductivity
The in-plane conductivity was analyzed using electrochemical impedance
spectroscopy (EIS) to measure membrane resistance. The membrane was mounted in a
four-electrode test cell, with platinum electrodes that are separated by a constant
distance L. Impedance spectra were obtained over a frequency range of 1 Hz to 10 kHz.
EIS data was collected using a Bio-Logic VMP3 potentiostat. Chloride conductivity
measurements were made while the sample was in a TestEquity H1000 oven to control
temperature and relative humidity (RH). At each RH studied, the temperature was
varied from 50 to 90 oC by steps of 10 oC. Samples were allowed to equilibrate at each
temperature set-point for 35 minutes before data was collected. Data was collected and
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analyzed using EC Laboratories software. Equation 1 is used to relate conductivity to
resistance.
	
  

𝜎 =   

𝐿
	
  
𝑅  𝑤  𝑡

(1)	
  

where R is the membrane polarization resistance, L is the distance between the
electrodes, w is the width of the membrane samples, and t is the thickness of the
sample.

3.2.5.2 Small Angle X-ray Scattering
Small angle X-ray scattering (SAXS) experiments were performed at the
Advanced Photon Source at Argonne National Laboratory on beamline 12 ID-B. A
Pliatus 2M SAXS detector was used to collect scattering data from the X-ray beam at a
wavelength of 1 Å and power of 12 keV with an acquisition time of 1 second. Intensity
(I) is analyzed from the radial integration of the 2D scattering pattern with respect to the
scattering vector (q). Temperature and humidity of the sample environment during
scattering measurements were controlled with a custom designed oven with four sample
slots, as described previously.39,40 Humidity of the oven was controlled using a
combination of saturated and dry nitrogen streams. In a typical experiment three
membranes and one empty sample holder were loaded so that a background spectrum of
the environment and Kapton™ windows was collected for each experimental condition.
Spectra were analyzed after background subtraction for the corresponding experimental
condition. Samples were kept in water prior to loading. After removing the membranes
from water, the samples were lightly dried with a Kimwipe™, mounted onto sample
holders with Kapton™ tape, and loaded into the oven at 60 oC at dry conditions. Loaded
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samples were allowed to dry for 20 minutes under dry gas flow. The temperature was
kept constant as the RH was increased to 95% RH. Samples were allowed to equilibrate
for 60 minutes at 95% RH before X-Ray measurement.

3.2.5.3 Transmission electron microscopy
For imaging, the films were sectioned using a Leica Ultracut UCT Leica EM
FCS microtome at -100oC and characterized using a JEOL 2000FX transmission
electron microscope at an accelerating voltage of 200kV. Electron density contrast was
rendered by the bromide ions, and no further staining was needed.

3.2.5.4 Water uptake
Water uptake (WU) was characterized using a dynamic vapor sorption apparatus
(SMS DVS Advantage 1, Allentown, PA). A membrane sample, about 4 mm2, was
placed on a glass weigh plate and the change in mass was measured gravimetrically
under different humidity conditions. The WU of the membrane was calculated based on
equation (2).

WU =

m%RH − mdry
×100
mdry

(2)

Where m%RH is the mass of the sample at the given relative humidity and mdry is
the mass of the dry sample. The mass of the dry membrane was taken as the measured
mass at the end of the initial 4-h drying period. Given the WU at saturated conditions
and the known ion exchange capacity (IEC) of the membrane, the hydration number (λ)
is the number of water molecules per cation functional group and can be calculated
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using equation (3). The molecular weight of water (MWH2O) is needed to complete the
equation.
	
  

𝜆 =   

𝑊𝑈
	
  
𝑀𝑊!"#$% ×  𝐼𝐸𝐶

(3)	
  

Water uptake for soaked membranes were measured as follows: Membranes
were soaked in water for 24 hours. Before weighing, the surface of the membranes was
gently wiped to remove excess water. Dry mass of the membranes was determined after
drying membranes for 24 hours under reduced pressure.

3.3

Results and Discussions

3.3.1 Design of the grafts
Graft copolymers were obtained by combining two mechanistically different
polymerization techniques; ring-opening metathesis polymerization (ROMP) and
reversible addition-fragmentation chain transfer (RAFT) polymerization. This ROMPRAFT strategy has been previously demonstrated for synthesis of polystyrene-bpolycyclooctene-b-polystyrene triblock copolymers (PS-PCOE-PS).41 A RAFT agent
functional telechelic PCOE was synthesized by taking advantage of secondary
metathesis of PCOE with symmetric acyclic olefins. Subsequent chain extension with
PS yielded triblock copolymers with monomodal molecular weight distribution. With a
similar approach we designed RAFT-agent functionalized cyclic olefins. This way we
were able to obtain multifunctional polyolefin backbones, which we then used to graft
side chains (Figure 3.7).
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Figure 3.7 Synthesis of graft copolymers with ROMP-RAFT strategy
We synthesized trithiocarbonate functionalized cyclooctene and norbornene
monomers, and their copolymers with cyclooctene and norbornene, respectively. By
adjusting the ratio of monomers we were able to control copolymer composition, and
thus degree of backbone functionalization and subsequent graft density (Table 3.1).
PCOE and PNB Macro-RAFT-agents were prepared with an average degree of
functionalization of 4 and 8 mol%.
Grubbs 2nd (G2) generation catalyst was shown to be more tolerant to
trithiocarbonate functionality than Grubbs 1st (G1) generation.41 Therefore, we utilized
G2 for copolymerization of PCOE series. Efficient copolymerization was evident by the
matching between the feed ratio of the monomers to final copolymer ratio.
High polymerization rate with the use of G2 caused rapid gelation of PNB
yielding insoluble material. Therefore, G1 was used for PNB copolymerization. As an
expected result of lower chemical tolerance of G1, some of the PNB 4 precursor
comonomer ratio did not match the final copolymer ratio. For example, comonomer
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feed ratio for one of the parent PNB-4 backbone polymer was almost 9 mol% while the
copolymer ratio was determined to be 4 mol% (Table 3.1). Deactivation of the catalyst
presumably helped to slow down the polymerization rate, such that the PNB
copolymers obtained were soluble for further use. For the parent backbone polymer of
the PNB-8 series the copolymer ratio was not significantly influenced, suggesting that
G1 is still somewhat suitable to perform copolymerization of trithiocarbonate finctional
cyclic olefins.
Table 3.1 Graft copolymers, their compositions, and theoretical ion exchange
capacities.
Before Quaternization

After
Quaternization

Graft Density
Graft Length
(x)
(y)
Copolymer
Monomer
IEC
a
b
c
feed ratio
Sample Name y-x
ratio
DP of VBCl
(mmol/g)
(mol %)
(mol %)
PCOE 4-7
4.5
4.2
7.0
1.7
PCOE 4-12
4.3
4.0
12
2.2
PCOE 4-20
4.3
4.0
20
2.8
PCOE 8-7
7.7
6.8
7.2
2.2
PCOE 8-14
7.8
7.5
14
3.2
PCOE 8-23
7.8
7.5
23
3.6
PNB 4-8
4.3
3.6
8.3
1.8
PNB 4-9
8.7
4.2
8.5
2.0
PNB 4-21
8.7
4.2
21
3.1
PNB 8-8
8.0
7.5
8.4
2.7
PNB 8-16
8.0
7.5
16
3.4
a) y is average degree of functionalization (mol %) of the polyolefin backbone (i.e. graft density) and x is
average number of units per graft chain (i.e. graft length) b) Determined by 1H NMR. c) Calculated using
the benzyl proton to vinyl proton ratio multiplied by the graft density

VBCl was grafted on the PCOE or PNB Macro-RAFT-agents via a grafting
from strategy. Grafting-from reactions were conducted in dilute conditions, and low
VBCl conversions were targeted (~10%). At higher concentrations gelation was
observed presumably due to an autoacceleration effect, and end-to-end coupling of sidechains. Therefore the final product was insoluble. Graft length was adjusted by
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controlling the ratio of the number of RAFT agent groups along the backbone to the
total amount of VBCl (Table 3.1).

3.3.2 Membrane fabrication and characterization
Films were cast from THF or chloroform solutions. Dry films were quaternized
in aqueous TMA solution. At the end of quaternization water insoluble membranes
were obtained. Nearly quantitative quaternization was confirmed by FT-IR and the lack
of the benzylchloride (C-Cl) characteristic vibrational peaks at 1260 cm-1 and 675 cm-1
(Figure 3.9). Thus, IEC values were calculated using the copolymer ratio as determined
by 1H NMR (Table 3.1).
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Figure 3.8 Quaternization reaction of the graft chains
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Figure 3.9 FT-IR spectra before and after quaternization, full spectrum (top), and
the C-Br vibration region (bottom)

3.3.2.1 Thermal properties
PCOE is a polyethylene-like semi-crystalline polymer with melting transition
around 60 oC. PNB, on the other hand, is an amorphous polymer with Tg around 40 oC.
Quaternized membranes were characterized to understand the graft length and density
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on thermal properties. DSC data of the PCOE based membrane series (QPCOEs) is
presented on Table 3.2 (Figure 3.10). As expected, QPCOEs exhibited melting
temperatures confirming the persisting semi-crystaline nature of the polymer. Broad
melting temperature (Tm) peaks and a decreasing peak melting temperature with
increasing graft length were detected for all membranes. For materials with 4 mol%
graft density Tm peak ranged between 20 – 60 oC. For QPCOE 4-7, material with 4
mol% graft density with the shortest graft length, melting temperature peak was around
55 oC. This material formed an opaque membrane when quaternized. As the graft length
was increased from 7 to 12 Tm decreased about 10 K, to 39 oC. When grafts were 20
units long, Tm was observed around 53 oC with a distinct shoulder at 25 oC.
Table 3.2 DSC data collected from QPCOE based membranes
QPCOE 4-7

IEC
(mmol/g)
1.7

Tc1
(oC)
54.7

Tc2
(oC)
-

QPCOE 4-12

2.2

38.7

-

QPCOE 4-20

2.8

52.9

25.2

QPCOE 8-7

2.2

49.5

21.9

QPCOE 8-14

3.2

-

14.1

QPCOE 8-23

3.6

-

12.2

Increasing QPCOE graft density to 8 mol% graft density caused a greater Tm
suppression, giving rise to broad Tm peaks ranging from 10 – 50 oC. Material with the
lowest graft length, QPCOE 8-7, exhibits two Tm’s at 50 oC and 22 oC. At higher graft
lengths the higher temperature shoulder disappeared. QPCOE 8-14 and QPCOE 8-23
showed Tm’s at 14 and 12 oC, respectively.
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Figure 3.10 DSC curves of QPCOE based membranes
These differences in melting temperatures were also qualitatively observed by
the transparency of the membranes at room temperature. QPCOE 4-x series had Tms
above room temperature, maintaining their semi-crystallinity. QPCOE 4-7 formed an
opaque membrane when dry. With increased graft length materials formed more clear
membranes indicating smaller size crystal formation (Figure 3.11).
QPCOE 8-x series formed transparent membranes at room temperature. While
QPCOE 8-7 had a Tm above room temperature, its clarity suggests that the crystals are
smaller than the wavelength range of visible light. At higher graft lengths Tm was lower
than room temperature suggesting that the materials are likely amorphous.
DSC measurements of PNB based quaternized membranes did not exhibit a melting
transition, as expected. The first heating curve of the membranes showed two glass
transition temperatures (Tg) corresponding to the PNB backbone and QPVBTMA side
chains at 40 and 90 oC, respectively (Figure 3.12 and Figure 3.13). However, second
heating cycles did not show a significant thermal transition, suggesting that once
annealed these materials might not be phase separated.
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Figure 3.11 Photographs of graft copolymer membranes when dry and wet
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Figure 3.12 First and second DSC heating curves of QPNB 4-4 (top) and QPNB 420 (bottom)
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Figure 3.13 First and second heating DSC curves of QPNB 8-20 and QPNB 8-8
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3.3.2.2 Water Uptake Properties
Water uptake (WU) properties of the membranes were studied and reported with
respect to IEC. Measurements of the membranes when soaked into water at room
temperature are reported in Table 3.3 and Figure 3.14. QPCOE 4-x series absorbed
water between 50 to 150 wt%, increasing with increasing graft length, and thus IEC.
WU and hydration values (λ) of QPCOE 4-12 and QPCOE 4-7 were similar, where the
former absorbed slightly more water as an expected result of higher average graft length
and IEC. For QPCOE 4-20, WU and λ values were about two to three times higher than
QPCOE 4-7 and QPCOE 4-12. This sharp increase is not only due to increased IEC but
also likely due to formation of larger ionic domains that can accommodate greater
amounts of water.

Table 3.3 Water uptake and conductivity measurement data of the QPCOE and
QPNB based membranes
	
  

QPCOE 4-7
QPCOE 4-12
QPCOE 4-20
QPCOE 8-7
QPCOE 8-14
QPCOE 8-23

90% RH, 60 oC a

soaked

	
  
a

IEC

vol %

(mmol/g)
1.7
2.2
2.8
2.2
3.2
3.6

PVBTMA

32
43
55
44
64
74

w.u.
(wt %)
50.5
73.0
146
83.0
223
349

λ
17
18
29
21
39
54

w.u.

b

(wt %)
11.5
25.7
39.4
24.6
32.7
44.5

λ
3.7
6.5
7.8
6.2
5.7
6.9

σ

c

(mS/cm)
13.6
33.9
51.0
14.3
45.8
-

Ea
(kJ/mol)
20
22
12
20
17
-

QPNB 4-8
1.8
123
38
14.3
4.4
14.9
12
60
QPNB 4-9
2.0
159
44
24.9
6.9
23.8
27
65
QPNB 4-21
3.1
216
39
44.0
7.9
83
QPNB 8-8
2.7
173
36
36.8
7.6
55.2
21
76
QPNB 8-16
3.4
86
265
43
45.1
7.4
51.2
17
a) Calculated utilizing PVBTMA density as 1.325 g/cm3,42 and PNB density as 0.30 g/cm3.43 PCOE
density was assumed to be similar to the density of polybutadiene (0.89 g/cm3).43 b) Determined via DVS
measurements c) Determined at 60 oC and 95% relative humidity
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a"

b"

c"

d"

Figure 3.14 Water uptake and hydration values of the membranes when soaked in
water at room temperature (a,b) and at 90 % relative humidity at 60 oC (c,d). Data
points are connected with lines as a guide to the eye.
Similarly, an increasing water uptake with increased graft length was observed
for QPCOE 8-x series. Lowest water uptake and λ value was determined for QPCOE 87. This material has an IEC around 2.2 mmol/g, a value similar to the IEC of its 4 mol%
grafted cousin QPCOE 4-12. At this IEC, water uptake properties of the material does
not seem to be influenced by the change of graft density. This similarity suggests that
QPCOE 8-7 average graft length might not be long enough to form large ionic domains.
The ionic side chains are presumably phase separated and isolated from each other by
the surrounding hydrophobic semi-crystalline PCOE network.
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At higher average graft lengths a significant increase of water uptake and λ
values were observed. As determined from the DSC measurements, QPCOE 8-14 and
QPCOE 8-23 have Tm’s about 10 K lower than room temperature. Thus, increased
water uptake might be a cause of lack of crystallinity that reinforces the hydrophobic
matrix. Moreover, QPCOE 8-14 and QPCOE 8-23 was dimensionally less stable
compared to the other membranes in the QPCOE series, and a large size difference
between dry and swollen membranes were observed (Figure 3.11).
Under the same conditions QPNB 4-x series show overall higher water uptake
compared to QPCOE series (Figure 3.14, Table 3.3). This is likely due to the
amorphous character of the hydrophobic PNB network and the lack of mechanically
reinforcing crystals. At equivalent IEC, graft length and graft densities QPNB series
exhibit 2 to 3 times higher water uptake and hydration values than QPCOE series. For
example, at the lowest IEC limit, i.e. at lowest graft density and length, QPNB 4-8 and
QPNB 4-9 absorbed two times more water than their semi-crystalline equivalent
QPCOE 4-7. Water uptake data of QPNB 8-x is more similar to QPCOE 8-x, since at
this composition QPCOE series are amorphous at room temperature.
This trend is also visible when water uptake measurements were also conducted
under controlled temperature and relative humidity (Figure 3.15). At 60 oC membranes
were hydrated under saturated humidity (90%). At this temperature all QPCOE
membranes are above their Tm. Under these conditions QPNB 4-x, QPNB 8-x, and
QPCOE 4-x series exhibited similar water uptake and hydration values, suggesting that
the water uptake properties of QPCOE 4-x series are temperature dependent and
controlled by the microstructure of the polymer backbone.

96	
  

Interestingly, under these environmental conditions water uptake and λ values
of QPCOE 8-x series were lower than QPCOE 4-x membranes with equivalent IECs.
For example, QPCOE 4-12 and QPCOE 8-7 have similar IEC. Also, despite the slightly
higher IEC, QPCOE 8-14 (3.2 mmol/g) absorbs less water compared to QPCOE 4-20
(2.8 mmol/g) (Figure 3.14 c,d). This observation suggests that the ionic domains of
QPCOE 8-14 must be more confined such that their water absorption is limited. Even
though QPCOE 8-14 side chains are more densely spaced than QPCOE 4-20, they are
shorter. Thus, QPCOE 4-20 is likely forming a connected ionic network providing a
larger volume for water to be absorbed.
Similar arguments can be made for QPNB series. Within the same series of graft
density, QPNB 4-x, even the slightest change of graft length causes a significant
increase of water absorption, as it was observed from QPNB 4-8 and QPNB 4-9. Also,
keeping the average graft length constant while increasing graft density, QPNB 8-8,
does not increase the water absorption as significantly. For example, QPNB 4-21 (3.1
mmol/g) and QPNB 8-8 (2.7 mmol/g) have similar IECs due to similar ionic to nonionic content ratio. However, they have different graft density and lengths. The material
with low graft density and high graft length absorbed more water than the material with
high graft density and low graft length. Although increasing graft density also increases
water uptake compared to a low graft density material, it seems that the graft length has
more influence on water uptake properties. Thus, beyond a critical graft length the
quaternized side chains possibly form connected ionic networks facilitating water
uptake due to larger volume of ion channels.
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Figure 3.15 Dynamic vapor sorption data. Mass uptake (top) and hydration value
(bottom) of QPCOE (left) and QPNB (right) membranes
3.3.2.3 Ion conductivity
Ion conductivities of the membranes were measured under controlled humidity
and temperature (Table 3.3). In Figure 3.16 chloride ion conductivities are reported at
60 oC and at 95 %RH. For both of the series of membranes, an overall increase of
conductivity was observed with increasing side chain length. At constant graft density,
conductivity difference between QPCOE 4-7, QPCOE 4-12, and QPCOE 4-20 was
significant, increasing around 1.5 times at every step. At the highest graft length
chloride conductivity was the highest and was determined to be as 51 mS/cm at 60 oC.
Similarly, QPCOE 8-x series showed a significant conductivity difference between
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QPCOE 8-7 and QPCOE 8-14, where the latter reached 3 times higher conductivity
values than the former. Conductivity data could not be collected from QPCOE 8-23 due
to dimensional and mechanical instability of the material at high hydration levels.

60#oC#
95%#RH#

Figure 3.16 Ion conductivity data of graft copolymer membranes at 60oC and 95 %
relative humidity
At a constant graft length, the material with denser grafts exhibited higher
conductivities, as seen by the conductivity differences between QPCOE 4-12 and
QPCOE 8-14. This increase is likely due to increased IEC of the material. However,
QPCOE 4-7 and QPCOE 8-7 exhibit conductivities around the same level, while the
latter is still slightly higher. Note that these membranes have short graft lengths. Thus,
an increase in graft length seems to influence ion conductivity more than an increase in
graft density, likely due to increased connectivity.
It is important to remember that membranes with similar IECs have similar
compositions, but may have different macromolecular structure. For example, QPCOE
8-7 and QPCOE 4-12 have similar compositions, i.e. COE to BTMA ratio, but are
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structurally different as seen from their graft length and density ratio. QPCOE 8-7
exhibits two times lower conductivity than QPCOE 4-12, despite having shorter average
distance between grafts. As discussed earlier, water uptake profiles of these materials
were determined to be similar under similar conditions, likely due to their similar IECs.
Therefore the high ion conductivity of QPCOE 4-12 is likely related to its structural
difference rather than the hydration level of the material. These observations indicate
that QPCOE 4-12 is presumably forming connected ionic domains facilitating ion
conductivity. This is likely also the reason for the large conductivity increase between
QPCOE 4-7 and QPCOE 4-12. Thus, QPCOE based membranes seem to have a critical
graft length around 10 units beyond which connectivity between the ionic domains
occur.
Similar behavior was observed with QPNB series. At 4 mol% graft density;
conductivity increased with graft length. Note that a small change in average graft
length caused around 1.5 times increase of conductivity. At a longer graft length, QPNB
4-21, conductivity could not be measured due to mechanical instability of the
membrane.
High graft density materials QPNB 8-8 and QPNB 8-16 showed conductivity
values that were around 50 mS/cm. At this high graft density increasing the graft length
seemed to not influence conductivity values significantly. These conductivity values
were 2 to 3 times higher than their low graft density equivalents. For example, chloride
conductivity of QPNB 4-8 was around 15 mS/cm while QPNB 8-8 exhibited 55 mS/cm.
This higher conductivity is likely a result of a combination of higher IEC and structural
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difference of QPNB 8-8 compared to QPNB 4-8. This observation suggests that graft
density has a significant influence on connectivity of the ionic domains.
In general, QPCOE and QPNB materials with similar IECs exhibited similar
conductivity values. An interesting observation was made between QPNB 8-8 and
QPCOE 4-20. Note that these two materials have different hydrophobic backbones and
structures. At this composition, IEC 2.7 mmol/g, both materials exhibited similarly high
ion conductivities. The next highest IEC materials, QPNB 8-16 and QPCOE 8-14, did
not show significant improvement of ion conductivity. Moreover, membranes with IECs
above 3.0 mmol/g lose their mechanical stability due to high water uptake and
dimensional swelling. These observations suggest that the balance between graft length
and graft density for obtaining connected ionic domains seem to be dependent on the
characteristics of the hydrophobic backbone. At a critical graft density and graft length,
materials form a connected ionic network that facilitates ion conductivity. Beyond this
point increasing IEC does not seem to improve ion conductivity, in fact it might
compromise mechanical stability. Thus, there is a fine balance between obtaining a
connected ionic network while maintaining mechanical integrity.
Moreover, the critical percolation point seems to depend on the mobility of the
hydrophobic backbone. Connectivity of QPCOE ionic domains was not influenced by
the change of graft density, but rather by graft length, while increasing graft density
caused a significant improvement for QPNB membranes with short side chains.
Lastly, activation energies were determined for each membrane by performing
the conductivity measurements over a temperature range between 50 – 90 oC (Table
3.3,Figure 3.17). In QPCOE series the activation energy was found to decrease with
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increasing graft length. In QPCOE 4-x series the lowest activation energy was
determined for the material with the highest graft length. QPCOE 4-7 and QPCOE 4-12
had similar activation energies regardless of their structural differences.
As discussed earlier, the melting transitions of QPCOE 4-x series was between
40-60 oC. Figure 3.17 shows the conductivity data of the QPCOE series with respect to
temperature. At this range of temperature a major change in slope was not detected. It is
seen that almost all QPNB materials experienced a conductivity drop at temperatures
beyond 70 oC, and therefore activation energies did not provide a conclusive trend. This
conductivity drop is mainly caused due to mechanical instability of the membranes at
high temperature and humidity conditions. As shown earlier, QPNB based materials
absorbed more water than the QPCOE based membranes. Thus, PCOE backbone seems
to provide a better platform for robust membrane designs.

Figure 3.17 Conductivity of QPCOE (left) and QPNB (right) based membranes at
a function of temperature at constant 95% RH
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3.3.2.4 Morphology Studies with SAXS and TEM
Morphologies of the polymer membranes were characterized utilizing SAXS
and electron microscopy. SAXS experiments were conducted at 60 oC under controlled
humidity. Figure 3.18 represents SAXS data of PCOE based membrane series before
quaternization, and after quaternization when dry and humidified. Before quaternization
all films except PCOE 4-7 showed a clear scattering peak indicating phase separated
morphology. Center-to-center distances between the phase-separated moieties were
determined using the scattering angle at the peak position. Within the PCOE 4-x series,
PCOE 4-7 and PCOE 4-12 had an average d-spacing of 12 and 15 nm, respectively. The
scattering peak became more intense with increasing graft length, presumably due to
better phase separation and increasing electron density contrast. An increase in dspacing with increasing graft length was detected, suggesting that larger domains may
be forming.
At higher graft density series, PCOE 8-7 and PCOE 8-14 exhibited broader
peaks with relatively weaker peak intensities. Broad peak of PCOE 8-7 is indicative of
weak phase separation between the short grafts. However, scattering intensity was
higher compared to PCOE 4-7, likely due to higher IEC and therefore electron density
contrast between the two phases. Peak positions suggested an average d-spacing of 11
and 12 nm for PCOE 8-7 and PCOE 8-14, respectively.
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Figure 3.18 SAXS curves of PCOE based membranes before quaternization (left),
after quaternization when dry (middle), and when wet (right).

Quaternized membranes maintained their phase-separated morphology. When
dry, QPCOE 4-7 showed a more distinguishable scattering peak compared to its
unquaternized precursor, suggesting that the material has more defined phase separated
domains. Knowing that the quaternization conditions are at a temperature above the
melting transition of these materials, the membranes might have undergone annealing
into a more phase separated morphology. Similarly, at higher graft lengths and densities
strong peaks were observed compared to the neutral precursors. An overall increase in
d-spacing was observed as an expected result of increased volume of the side chain
graft domains upon quaternization.
When hydrated, primary peak position of each material shifted towards lower
scattering angles, indicating that the scattering moieties and thus the membrane is
swelling due to absorbed water. The largest peak shift was observed for QPCOE 4-20
increasing the d-spacing from 17.8 to 19.3 nm. We showed earlier that QPCOE 4-20
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had the highest hydration value under these environmental conditions (60 oC, 95 %
RH).
Except for QPCOE 4-7, SAXS traces of the quaternized materials showed
higher order scattering peaks. These higher order peaks were more well-defined when
the materials were hydrated, suggesting that the phase separated moieties are selfassembling into a more ordered structure with inclusion of water to the system. Model
fitting on SAXS data suggested formation of spherical domains with a hexagonally
closed packed structure (Figure 3.18).
Bright field TEM images of QPCOE 4-12, QPCOE 4-20, and QPCOE 8-14
confirmed formation of spherical domains with a weekly ordered morphology (Figure
3.19). Average d-spacing between domains were found to be congruent with the SAXS
data. At constant graft density increasing graft length increased d-spacing and the
domain size. On the other hand, increasing graft density while keeping graft length
caused formation of smaller domains with shorter d-spacing. Considering that QPCOE
4-20 and QPCOE 8-14 had ion conductivities around the same range, it is evident that
connectivity is improved at high graft densities.

105	
  

QPCOE#4,20#

QPCOE#4,12#

50#nm#

50#nm#

QPCOE#8,14#

QPNB#8,8#

50#nm#

50#nm#

Figure 3.19 Bright field TEM images of QPCOE 4-12, QPCOE4-20, QPCOE 8-14,
and QPNB 8-8
Similar SAXS analysis was conducted on PNB and QPNB series at 60 oC
(Figure 3.20). In general, PNB and QPNB series did not exhibit as strong scattering
peaks as the PCOE based materials, suggesting that the phase separation of these
membranes is less pronounced. Especially for PNB 4-x series the scattering curves were
nearly featureless indicating that these materials were poorly structured. At higher graft
densities broad scattering peaks were observed suggesting formation of domains with
an average distance of 20 to 40 nm.
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Figure 3.20 SAXS curves of PNB based membranes before quaternization (left),
after quaternization when dry (middle), and when wet (right).

When quaternized, dry membranes showed peaks indicative of a betterorganized structure, as observed from the weak higher order scattering peaks,
suggesting that quaternization conditions might have annealed the materials. When
hydrated, some slight change in peak positions and intensities were observed. However,
this change was not significant enough to make a definitive comment on how the
structure of the material has changed. TEM image of QPNB 8-8 (Figure 3.19)
confirmed phase separation weakly ordered spherical domains with an average dspacing around 5 nm. At this composition this material seems to have well connected
ionic domains, likely the reason behind significantly high ion conductivity.

3.4

Summary and Future Directions
In this work we presented our efforts to understand structure-morphology-

property relationship of graft copolymers when used as anion conducting membranes.
Graft copolymers were synthesized by a ROMP-RAFT strategy to obtain polyolefin
backbones with quaternizable side chains. Rational monomer design enabled synthesis
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of RAFT functional polycyclooctene and polynorbornene backbones. The degree of
functionalization dictated the graft density. Systematic variation of polymer backbone,
graft length and graft density of the polymers elucidated important information about
the structure-morphology-property relationship of these membranes:
Utilizing a semi-crystalline hydrophobic backbone reinforced the membranes
above their melting transition temperatures. Compared to amorphous PNB based
membranes with a similar IEC and structure, PCOE based membranes absorbed less
water. Melting temperature of the semi-crystalline PCOE backbone was suppressed
with increasing graft length and graft density, ranging between 10 - 60 oC. When above
the Tm, materials absorbed significantly larger amount of water causing large
dimensional swelling.
Ion conductivity measurements suggested that for PCOE based membranes graft
length influenced the connectivity of ionic domains more than graft density. At a
constant graft density increasing graft length caused a 1.5 to 3 fold increase of ion
conductivity. At a constant graft length the largest increase was determined to be less
than a factor of 1.5. For PNB based membranes graft density was found to be more
important for tuning ion connectivity. At relatively short graft lengths high graft density
membranes had significantly higher ion conductivities. High graft lengths caused the
membranes to absorb large amount of water caused mechanically and dimensionally
less stable membranes.
Morphology analysis confirmed formation of a disordered connected
morphology both for PCOE and PNB based membranes. At low graft density spherical
domains with about 10 nm diameter was observed. At a constant graft density
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increasing graft length increased domain size slightly, while increasing graft density at a
constant graft length decreased domain size significantly, and thus the average dspacing. Decreasing domain size improved connectivity and ion conductivity while
keeping water uptake at reasonable levels. However, dimensional swelling at high graft
densities was significant.
All these observation suggested that there is a fine balance between
connectivity, conductivity, and mechanical robustness of the membrane. Within the
studied series of materials QPCOE 4-12 was found to be the most balanced material.
High chloride conductivities were observed for this material (34 mS/cm at 60 oC, 95
%RH). So far the highest chloride conductivity reported was reported by Robertson et
al. as 26 mS/cm at 50 oC.44 This value was collected when the membrane was
submerged in water, thus it was completely hydrated. In comparison, our value was
collected when the membrane was humidified. Therefore, we expect to observe even
higher conductivities if the membrane were soaked with water.
As a future study the effect of graft density should be explored in detail. These
studies have shown that at short graft lengths (~10) between 4 mol% to 8 mol% the
conductivity does not increase significantly. We also know that increasing graft length
causes large water uptake and dimensional variations. The large increase in water
uptake is presumably due to increased volume fraction of the ionic domains. Table 3.3
lists the calculated total volume fraction of the ionic domains for each membrane. Water
uptake and hydration number values were plotted with respect to total volume fraction
of the graft chains (Figure 3.21). Here it can be seen that at a similar volume fraction
the membrane with shorter graft length, and thus smaller volume per graft, absorbs
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comparably less water. Therefore, it seems to be a better approach to keep the grafts
short to have a better control over water uptake properties. Moreover, although PNB
copolymers absorbed similar amount of water to PCOE at a similar composition (Figure
3.14), grafts attached to a PNB backbone occupied significantly larger volume than
PCOE copolymers at a similar composition. In other words, hydrophobic PNB
backbone occupies less volume compared to the PCOE based membranes. Thus, PNB
based membranes were in general mechanically less stable. This observation
underscores the necessity of maintaining sufficient hydrophobic network connectivity to
obtain mechanically stable membranes.

Figure 3.21 Water uptake and hydration number values (at 60 oC under 95% RH)
of PCOE and PNB based membranes with respect to the total volume fraction of
the graft chains.
As the TEM and SAXS data suggested, increasing graft density decreased
domain size and spacing, while improving connectivity. Graft copolymer morphology
were studied in detail by Gido, Mays, and Hadjichristidis.45–48 Although these studies
were based on neutral graft copolymers, some findings might be useful to understand
morphology behavior of the ionic graft copolymers. For example, a simple graft
copolymer with A2B architecture, where B is attached onto A at an equal distance from
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the chain ends, was found to undergo phase transitions at higher B volume fractions
(VB) compared to diblock copolymers, and to form a bicontinuous morphology at 80%
VB.46,47 More complex model graft copolymers studies also suggested that a disordered
bicontinuous morphology might be forming at short graft lengths.45 Thus, for the graft
copolymers studied in this dissertation, going to graft densities beyond 8 mol% at a
short graft length region may improve connectivity, and therefore ion conductivity of
the PCOE based membranes.
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CHAPTER 4
SYMMETRIC ABCBA PENTABLOCK COPOLYMERS WITH
QUATERNARY AMMONIUM FUNCTIONALIZED MIDBLOCK

4.1

Introduction
Extensive studies of structure-morphology-property relationships of ion-

exchange membranes revealed that block copolymers exhibit improved ion conductivity
and mechanical properties due to their microphase-separated morphologies with welldefined ionic domains.1–3 Structured morphologies for AEMs have been studied for
diblock copolymers4–13 and for symmetric triblock copolymers where either the
midblock or the outer blocks are quaternized.

7,14–18

When microphase-separated, the

ionic blocks form the ion-transport channels, while the non-ionic block helps to anchor
the ionic blocks in a physically cross-linked network. Non-ionic blocks usually consist
of high glass transition (Tg) materials such as polystyrene,4,9,10,12,13 poly(phenylene
oxide),11,19 and polysulfone,15 or low Tg materials such as polyethylene,5 poly(ethylenebutylene),16,18 poly(methylbutylene),20,21 and poly(hexyl methacrylate).14 However,
ionic block copolymers with high Tg non-ionic blocks tend to be brittle.9 While block
copolymers with low Tg non-ionic blocks balance the brittleness of the ionic block,
thereby forming flexible membranes, these membranes fall short of the mechanical
properties needed for a successful AEM.22
A commercially available PEM, Nexar® (Kraton Performance Polymers Inc.),
has attracted interest due to its desired mechanical properties. Nexar® is a symmetric
pentablock comprised of poly[t-butyl styrene-b-hydrogenated isoprene-b-sulfonated
styrene-b-hydrogenated isoprene-b-t-butyl styrene] (tBS-HI-SS-HI-tBS), that is
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marketed for water transport, filtration, and separation applications. The sulfonated
midblock provides the ionic character while the outer blocks provide the strength of a
high Tg material and the flexibility of a low Tg material.
Various research groups have studied the properties of this midblock sulfonated
polymer. Salt and water permeability, water uptake, and salt diffusion were studied by
Paul et al.23,24 for water desalination applications, while Cornelius et al.25 studied gas
transport properties. Spotnak et al. explored effect of casting solvent polarity on
membrane morphology and showed that connected ionic domains form when polar
solvents were used.26,27 While membranes prepared from cyclohexane solution
displayed ion-rich spherical micro-domains, those cast from THF exhibited coexisting
nonpolar cylinders and lamellae.
Winey et al. focused on structure-property relationships of membranes cast from
binary solvent mixtures.28–30 Sulfonated pentablocks in a mixed solvent of cyclohexane
and heptane solution formed spherical micelles containing dense cores of SS and corona
of HI-tBS. In membranes, the SS domains became interconnected as the core radius
became larger than the center-to-center distance of the SS microdomains, leading to an
order of magnitude increase in water vapor transfer rate. Laprade, et al. investigated the
mechanical and microstructural characteristics of the sulfonated pentablocks.31 Grazingincidence small angle X-ray scattering (GI-SAXS) provided real-time measurements
during solvent casting. A comparison between structure-less and interconnected domain
morphologies suggested that sulfonation level rather than morphology plays the
dominant role in the mechanical properties of the hydrated membranes.
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Although these Nexar®-based pentablocks have shown great promise as
materials for PEMs, they have yet to be widely investigated for other types of ion
transport applications. Here, we show that similar pentablock architectures with
quaternary ammonium midblocks offer mechanically robust membranes with high
anion conductivities. In this work we present synthesis of the midblock functionalized
pentablock precursors, and characterization of midblock quaternized pentablock
membranes at controlled humidity and temperatures. With this work we present, to the
best of our knowledge, the first example of a pentablock copolymer utilized as an AEM.
The findings for water uptake, conductivity, morphology, and mechanical properties
contribute to current understanding of AEM design criteria for achieving desired
physical and mechanical properties.

4.2
4.2.1

Experimental
Materials
Kraton Performance Polymers, Inc. (Houston, TX) kindly provided the

symmetric pentablock copolymer SL1232 composed of poly(4-tert-butyl styrene)-bpoly(2-methylbutylene)-b-poly(4-methyl

styrene)-b-poly(2-methylbutylene)-poly(4-

tert-butyl styrene) (tbS-MB-4mS-MB-tbS). The composition of each of the blocks were
determined via 1H-NMR spectroscopy and were found to be 20.9 , 46.5, and 32.6
mole% , for tbS, MB, and 4mS, respectively.
N-bromosuccinimide (NBS) (99%, Alfa Aesar) and azobisisobutyronitrile
(AIBN) (98%, Sigma Aldrich) were recrystallized prior to use. Chlorobenzene (99%,
Acros Organics) was used as received. The molecular weight of the base pentablock is
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approximately 15-10-28-10-15 kg/mol

32 1

. H-NMR spectroscopy was performed on a

Bruker DPX-300 FT-NMR using CD2Cl2 as solvent. Gel permeation chromatography
(GPC) was performed in THF and data was collected using RI detector. Infrared
spectroscopy was performed on a Perkin-Elmer Spectrum 100 FTIR spectrometer with
universal ATR sampling accessory.

4.2.2 General bromination procedure
Midblock brominated pentablocks were prepared following a similar procedure.
Kraton pentablock (15.1 g) was added into a two neck-round bottom flask equipped
with a condenser. Half of the required amount of NBS (5.69 g, 32.0 mmol) and AIBN
(264 mg, 1.62 mmol) was transferred to the flask. The mixture was evacuated and
refilled with nitrogen 3 times. Under continuous nitrogen purge chlorobenzene (1.35 L,
1% w/v) was added into the flask. The reaction solution was stirred in dark at 70 oC and
kept under continuous nitrogen purge. After 2 hours the remaining half of NBS and
AIBN was added, and the mixture was stirred for an additional 2 hours at 70 oC under
continuous nitrogen purge. The reaction was quenched by cooling the reaction solution
in an ice bath. The reaction solution was concentrated to 1/3 of the original volume
under reduced pressure and re-diluted with an equal volume, or a bit less, of THF. The
polymer was precipitated in 10 to 20-fold excess of methanol, isolated by filtration and
dried under reduced pressure. A midblock brominated pentablock copolymer with
42.7% bromination was obtained as slightly yellow colored powder. Bromination was
confirmed by 1H NMR and FT-IR. Brominated pentablocks are called Px, where x
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represents the extent of bromination of midblock in mole percent, such as P43 for the
case above or P0 for non-brominated pentablock.

4.2.3

Film preparation
The brominated, or unbrominated, polymer in powder form was mixed with

tetrahydrofuran (THF) at a concentration of 15 to 20 wt% in a round bottom flask at
room temperature for at least two hours. The solution was pipetted onto a Teflon
substrate and drawn across the substrate with a casting blade with a 20 mils slit opening.
The solution was allowed to evaporate in the fume hood overnight before using a razor
to remove the film from the Teflon substrate. The brominated film was then placed in a
25 or 50 wt% aqueous trimethylamine solution for at least 48 hours at 60 oC to achieve
quaternization of the brominated end-group. The final films had a nominal thickness
between 50 and 60 microns. Quaternized membranes are called QPx, similar to their
neutral precursor polymers, where x designates the bromination level.

4.2.4

Ion exchange and Mohr’s titration
Ion exchange capacity (IEC) is defined as the number of covalently bound ionic

units to the polymer per 1 gram of polymer. Theoretical IEC is determined from the
mole ratio of the 4-bromo methyl styrene units to the total amount of the monomer units
(2-methylbutylene, 4-tert-butyl styrene, 4-metyl styrene and 4-bromo methyl styrene)
determined by 1H NMR. For the calculation of the total mass, the mass of the 4(trimethyl ammonium bromide) methyl styrene was used.
Quaternized membranes with bromide as the counter ion (60 – 100 mg) were
dipped into 0.2M aqueous NaNO3 solution at 65oC (20ml) to exchange the bromide ions
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with nitrate ions. The solution was changed with fresh NaNO3 solution every 24 hours
for three days. The combined ion exchange solutions were titrated against 0.106 M
AgNO3 (aq) using K2CrO4 as indicator. The IEC values were calculated using the
titration result and the dry mass of the membrane in its bromide form.

4.2.5

Conductivity measurements
Ionic conductivity was measured by electrochemical impedance spectroscopy

using a four-electrode in-plane conductivity cell. Impedance spectra were obtained over
a frequency range of 0.3 to 106 Hz using a multi-channel potentiostat (BioLogic
VMP3). A TestEquity sample chamber controlled temperature and humidity during data
acquisition. Membrane resistance was defined as the low frequency intercept of the
Nyquist impedance plot and conductivity was calculated based on Equation (1):

σ=

l
R×t ×w

(1)

Where R is the membrane resistance, l is the length between electrodes, and t and w are
the thickness and width of the membrane sample, respectively. Reported conductivity
data are the average of at least three separate membrane samples and multiple
impedance spectra at each steady-state temperature; error bars are one standard
deviation. Conductivity measurements were performed with bromide counter ions.

4.2.6

Water uptake
Water uptake (WU) was characterized using a dynamic vapor sorption apparatus

(SMS DVS Advantage 1, Allentown, PA). A membrane sample, about 4 mm2, was
placed on a glass weigh plate and the change in mass was measured gravimetrically
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under different humidity conditions. The WU of the membrane was calculated based on
equation (2).

WU =

m%RH − mdry
×100
mdry

(2)

Where m%RH is the mass of the sample at the given relative humidity and mdry is
the mass of the dry sample. The mass of the dry membrane was taken as the measured
mass at the end of the initial 4-h drying period. Given the WU at saturated conditions
and the known ion exchange capacity (IEC) of the membrane, the hydration number (λ)
is the number of water molecules per cation functional group and can be calculated
using equation (3). The molecular weight of water (MWH2O) is needed to complete the
equation.

λ=

4.2.7

WU ×1000
IEC × MWH 2O

(3)

Transmission electron microscopy
For imaging, the films were sectioned using a Leica Ultracut UCT Leica EM

FCS microtome at -100oC and characterized using a JEOL 2000FX transmission
electron microscope at an accelerating voltage of 200kV. Electron density contrast was
rendered by the bromide ions, and no further staining was needed.
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4.3

Results and Discussion

4.3.1

Synthesis of the midblock brominated pentablock copolymers
The

pentablock

tbS-MB-4mS-MB-tbS

was

fuctionalized

by

selective

bromination of the poly(4-methyl styrene) midblock through benzylic bromination
using NBS (Figure 4.1). The reaction was performed at dilute concentrations to prevent
possible inter- or intramolecular cross-linking during the bromination process. Adding
the reactants NBS and AIBN in two separate portions was found to be necessary to
maintain the dispersity of the pentablock copolymer. The GPC profile of the pentablock
copolymer before and after bromination was similar suggesting little to no degradation,
or cross-linking of the polymer backbone (Figure 4.2). Bromination level was
determined using 1H NMR spectroscopy by comparing the chemical shifts of the
benzylic proton signals to the benzylic proton signals of the 4-methyl styrene units (δ
2.5-2.0 ppm) (Figure 4.3). A series of brominated pentablocks with three different
bromination levels were synthesized (Table 4.1). The highest bromination level
achieved was around 70 %. When higher bromination levels were targeted, the GPC
trace showed a low molecular weight tail indicating that some slight degradation of the
backbone might have occured.
x

NBS, AIBN
y

z

y

x

Chlorobenzene
70oC

x

y

z-z'

z'

Br

Figure 4.1 Bromination reaction of the pentablock copolymer
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P40#
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15#

17#

19#
Time%(min)%

21#

23#

Figure 4.2 Overlay of GPC results of P40(black) and P0 (red)

Figure 4.3 1H NMR of the pentablock copolymer before and after bromination
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Table 4.1 Brominated pentablock copolymers, theoretical and titrated IEC values,
water uptake properties, bromide conductivities, and activation energies.
Name

Bromination
(mol%)

IEC theo
(mmol/g)

IEC tit
(mmol/g)

P0

0

0

-

P20

22

0.6

0.39

P40

43

1.1

P70

72

1.7

W.U.
(%)

λa

σ*
(mS/cm)

Ea
(kJ/mol)

-

-

-

13

18

4

36

0.82

16

11

18

26

0.94

22

13

31

27

* Measurements at 60°C at 95 % relative humidity

4.3.2

Preparation of mid-block quaternized pentablock membranes
The brominated pentablock copolymers were converted into their cationic form

through quaternization of the benzyl bromide groups with trimethylamine in aqueous
medium (Figure 4.4). The quaternization reaction was performed on films cast from
brominated pentablock copolymers. The quaternized films were found to be insoluble in
water, as well as in common organic solvents, after quaternization, regardless of the
functionalization level. Extent of quaternization was determined qualitatively by FT-IR
spectroscopy by montoring the dissapearence of the benzylbromide bond vibrational
band at 1230 cm-1 (Figure 4.5). After quaternization some small peak at the
corresponding vibrational band could still be observed. Increasing the duration of the
quaternization reaction did not change the results significantly.
Ion exchange capacities (IECs) of the brominated membranes were determined
by performing titration of the bromide ions against silver nitrate solution. Titration
results were significantly lower than the theoretical IEC values (Table 4.1). This may be
a result of incomplete quaternization or due to incomplete ion exchange of bromide ions
with nitrate ions. This incomplete quaternization is presumably a result of insufficient
diffusion of TMA molecules through the membrane. The quaternization temperature is
124	
  

about 40 oC below the glass transition temperatures (Tg) of the two high Tg blocks of the
pentablock. Considering that the benzyl bromide groups are within the glassy midblock,
quantitative quaternizations might be mitigated.

trimethylamine
x

y

z-z'

z'

y

x

60oC
24h

Br

x

y

z-z'

z'

y

x

N
Br

Figure 4.4 Quaternization rection of the brominated pentablock copolymers

Figure 4.5 Full range FT-IR spectra (Left) and benzylbromide vibrational band
region (right) of P0 (top), P40 (middle), and QP40 (bottom).

4.3.3 Membrane characterization
Dynamic vapor sorption (DVS) measurements were performed on the
quaternized membranes to understand their response to humidity changes of the
environment at constant temperature. All of the membranes showed a monotonic
increase of mass gain with increasing relative humidity and increasing IEC (Figure 4.6).
The highest IEC membrane, QP70, absorbed the highest amount of water at every
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humidity level. As expected, QP20 absorbed the least amount of water, while QP40
mass change values were in between the highest and lowest IEC membranes. The water
uptake values at 95% relative humidity are listed in Table 4.1.

Figure 4.6 Water uptake (left) and hydration number (right) of the pentablock
membranes at 60oC and varying relative humidity

At the highest humidity level QP70 absorbed water around 22 % of its weight.
These water uptake values were comparable to midblock sulfonated copolymers.29 The
obtained water uptake values are lower than most other AEMs found in literature,
suggesting that the ionic character does not have a significant influence on water uptake
properties..2,9,15,33 Block copolymers tend to absorb less water compared to their random
copolymer analogues due to confined volume of the ionic domains surrounded by
hydrophobic blocks. QP pentablock series consists of two hydrophobic blocks
surrounding the ionic midblock. While the low Tg block provides elasticity, the glassy
high Tg block mitigates swelling, and therefore water uptake, of the ionic block. While
water is needed for ion conduction, if the polymer swells significantly, the mechanical
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integrity of the film may be lost. Therefore, it is important to obtain membranes with
modest water uptake.
The hydration number (λ), normalized water uptake with respect to IEC, reflects
the number of water molecules per charged group. With increasing IEC, λ decreased,
which is the opposite trend observed when comparing water uptake and IEC. This
opposite trend has been previously observed,20 and it indicates that IEC does not
significantly affect the water absorption of these pentablock copolymers; physically
cross-linked non-ionic network presumably confines the ionic midblock limiting
dimensional swelling. Water molecules are likely localized around the cationic groups.
As the number of ionic groups increases, the average distance between ionic groups
decreases. Thus, at high IEC absorbed water is distributed between more ionic groups
resulting in reduction of λ value.
Although hydroxide ion is the ion of interest for anion conducting membranes,
an accurate measurement of its conductivity is a known challenge due to reactivity of
the hydroxide ions with atmospheric carbon dioxide.34–36 Conductivity of ions other
than hydroxide ion still provides important information for ion transport properties of
ion conducting polymers. In some cases, it is possible to estimate the conductivity
values of one ion from the measured conductivities using another ion, since
conductivity is directly proportional to the diffusion constant of the conducted ion.37–39
However, the water uptake, diffusion, and thus conductivity properties may change
depending on the character of the counter ion as observed by others. 39,40
Bromide conductivity measurements for the pentablock copolymers were
collected at controlled temperature and humidity. At constant temperature, conductivity
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of the membranes increased with increasing relative humidity, suggesting a waterassisted transport mechanism (Figure 4.7). At constant humidity (95% RH),
conductivity of the membranes increased with increasing temperature and IEC (Figure
4.8). Under this condition, conductivities of QP40 and QP70 were found to be 18
mS/cm and 31 mS/cm, respectively, five to six times higher than QP20. Conductivity is
directly proportional to ion concentration. QP40 has twice the IEC and significantly
higher conductivity than QP20, this significant conductivity increase is presumably due
to improved connectivity between the ionic moieties facilitating ion transport (despite
the lower hydration number of QP40 compared to QP20). Next, the IEC increase is only
about 1.2 times between QP40 and QP70. The corresponding conductivity increase was
not as significant, only about 1.5 times higher for QP70 than QP40. Thus, increasing the
IEC beyond 0.8 does not significantly improve ion connectivity. Moreover, the
hydration number of QP70 stays below that of QP20, confirming that water assisted ion
transport is enhanced by the connectivity of the ionic domains. These results suggest
that a percolated ionic network likely forms above 20 mol% and below 40 mol%
functionalization of the midblock.
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Figure 4.7 Bromide conductivity of the pentablock membranes at 60°C and
varying relative humidity conditions

!
Figure 4.8 Bromide conductivities of the membranes at constant humidity and
varying temperature
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The activation energies were determined for each of the membranes using the
bromide conductivity values at constant humidity (95%RH) as a function of
temperature (Table 4.1). The activation energy was the highest for QP20 and decreased
by 10 kJ/ mol at higher IECs. Reduced activation energy despite reduced λ value
suggests formation of a percolated ionic network. QP40 and QP70 were found to have
similar activation energies (~27 kJ/mol), which supports the hypothesis that the
percolation threshold is at a composition between QP20 and QP40. The similar
activation energy for these two samples also indicates that increasing IEC had a
minimal effect on ion transport properties beyond a certain ion concentration.
The highest conductivity was recorded as 57 mS/cm for QP70 at 90°C and
95%RH. When compared to other AEMs in literature, this conductivity should be
considered as fairly high and promising for future applications.10,39,41,42 One of the
highest conductivity values reported for an AEM (IEC 2.6 mmol/g) is 111 mS/cm for
hydroxide ion (soaked in water at 50oC).37 For the same membrane the bromide ion
conductivity was reported to be 6.1 mS/cm. At similar conditions (50 oC and at 95 %
relative humidity) bromide conductivities of QP70 and QP40 were measured as 17.6
and 9.3 mS/cm, respectively. Thus, higher conductivities were achieved despite the
lower IEC and water content. The main difference between the two systems is that the
pentablock copolymers form a microphase-separated, ordered morphology, as will be
discussed later in this chapter, while the membrane of comparison is a chemically crosslinked random copolymer. The electron microscopy images of this crosslinked
copolymer membrane show a featureless morphology presumably forming a more
tortuous ionic network due to the random distribution of the ionic moieties.
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4.3.4

Morphological characterization of the membranes
The effects of microphase-separated morphology on ion conductivity have been

widely studied.1–3,8,43,44 It is generally accepted that formation of isotropic connected
ionic channels promote ion transport through polymer electrolyte membranes. The
morphology of each of the pentablock membranes prepared here was investigated by
electron microscopy and environmentally controlled small angle X-ray scattering
(SAXS).
The TEM images of QP20, QP40, and QP70, all show poorly ordered yet clearly
microphase-separated morphologies (Figure 4.9). For QP70 modestly sized domains
were observed suggesting a cylindrical morphology. Compared to QP70, QP20 is
comprised of smaller domains, though apparently still of cylindrical form. The middle
composition membrane QP40 exhibited a rather disordered morphology suggesting
either a wormlike structure, or perhaps irregularly packed spherical domains.
The TEM samples were not stained prior to imaging. The ionic domains were
identified by taking advantage of the electron density contrast provided by the bromide
ions. Thus, in these images the dark regions are the ionic domains, while the bright
regions comprise the non-ionic tbS and MB blocks. All membranes reveal an inverse
phase-separated morphology where the minority ionic component forms the percolated
ionic matrix. While this observation is contrary to the behavior of classical block
copolymers, those where one or more of the blocks are charged were shown to have
unusual behavior due to the added Coulombic interactios.45–50 Inverse morphologies are
one of these unusual behaviors.
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Figure 4.9 Bright field TEM images for (a) QP20, (b) QP40, and (c) QP70
pentablock copolymer membranes. Dark regions correspond to quaternized
midblock. Scale bar is 100 nm.
The scattering measurements were conducted at 60 oC while the membranes
were kept under dry or humid environment (Figure 4.10). When dry, all membranes
showed similar scattering pattern. The primary scattering peak position corresponded to
a domain spacing of 34 – 35 nm, in good agreement with the TEM images, and
suggesting that the average distance between domains was not significantly affected by
the degree of midblock quaternization level (Table 4.2). Higher order peaks were
observed, suggesting a more well-ordered morphology than might be expected from the
TEM images, especially for QP40. Although the relatively broad peaks made
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unambiguous determination of structure difficult, the patterns are reasonably consistent
with a structure of hexagonally packed cylinders, with small domain sizes that cause the
√3q* and 2q* to merge, and similarly with the √7q* and 3q*. The expected peak
positions for a well-ordered hexagonal structure (1: √3: 2: √7: 3: √12: √13) are denoted
by the black arrows in Figure 4.10.
Table 4.2 Average domain spacing of the quaternized membranes when dry and
hydrated
%mol Br
0
20
40
70

d (nm)

d (nm)

Quaternized, dry

Quaternized, wet

34
34
35

35
35
38

Figure 4.10 SAXS of quaternized membranes at dry (left) and saturated (right)
relative humidity conditions. Closed triangles designate scattering peak positions
for hexagonally closed packed cylindrical morphology. Spectra are shifted along
the y-axis for clarity.
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When hydrated, a slight shift of the primary peak to lower scattering angles was
observed for all the membranes. Some increase in d-spacing is expected due to swelling
of the ionic domain to accommodate the absorbed water. Relatively higher d-spacing
increase for QP70 is likely due to higher water uptake compared to the two lower IEC
membranes.
With inclusion of water additional weak higher order peaks were detected for
QP20 and QP70, corresponding to √13q*, and what appears to be a merged √12q* and
√13q*, respectively. There was no significant change of the scattering peaks of QP40.
Emerging new peaks suggest that the membranes underwent a structural rearrangement
with inclusion of water to the system. Water likely provides some mobility to the ionic
domains by dissociating the counter ions and allowing the ionic moieties to reorganize.
For all three membranes, a connected ionic phase was observed by formation of
an inverse morphology. This connectivity explains why QP20 still had some ion
conductivity despite its low IEC. Large conductivity difference between QP20 and
QP40 was attributed to improved connectivity between the ionic domains with
increased IEC. Improved ion transport of QP40 was confirmed by its decreased
activation energy for ion conductivity compared to QP20. While TEM image of QP40
shows a less defined morphology, it suggests formation of a disordered interconnected
ionic domain. Similar to previous examples, formation of a disordered morphology
improved connectivity and, thus, conductivity.3,44,51 At highest IEC the ionic domains
remained connected. Ionic domains were observed to become relatively larger, more
defined, and oriented. However, conductivity as well as activation energy was not
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further improved, likely due to some slight alignment of the ionic domains impeding ion
transport.

4.4

Summary and Future Directions
A pentablock copolymer was modified to be an anion exchange membrane via

efficient bromination of the 4-methyl styrene midblock and a subsequent quaternization
of the benzyl bromide groups. The brominated polymer was solvent processable in
organic solvents at a range of concentrations. Quaternized solvent cast films were water
and methanol insoluble. The bromide conductivity of the quaternized polymer
membranes were detected to be as high as 60 mS/cm (Br- at 90oC) with low water
absorption. Mechanical properties of the membranes in both dry and hydrated
conditions at 60°C were studied in collaboration with Professor Matt Liberatore at
Colorado School of Mines. This study was explained in detail in the dissertation of Dr.
Benjamin Caire, Colorado School of Mines.52
The quaternized polymer membranes formed a phase-separated morphology
with a d-spacing of about 35 nm. TEM images suggested an inverse morphology where
the minor phase forms the connected ionic network structure. Changing IEC triggered
formation of a better connected and ordered morphology. While unusual phase
behaviors have previously reported for ionic diblock copolymers, this is the first report
for a pentablock copolymer with a cationic midblock.
While this dissertation provides a broad understanding on structure-morphologyproperty relationships of the pentablock copolymer membranes, their unusual
morphology behavior leaves open questions remaining. Our efforts at understanding the
morphology of these materials in connection with their various properties are
135	
  

continuing. As part of understanding ion transport properties broadband dielectric
spectroscopy, an advanced through-plane measurement technique, is employed with
collaboration with Professor Vito Di Noto at the University of Padova, Italy. This way,
dielectric properties of the membranes will be correlated to their thermal transitions.
53,54

In addition to ion transport, CO2 transport of the materials are being characterized

at the Lawrence Berkeley National Laboratory, and correlated to formation of domain
alignment by GI-SAXS studies.
As mentioned earlier, the pentablock copolymer membranes are prepared by
quaternization of solvent cast neutral films. To prevent possible cross-linking that may
occur within the mid-block and possible degradation of BTMA groups, membranes
were not thermally annealed before or after quaternization. Thus, the observed
morphologies are likely kinetically trapped during film casting. To have a better
understanding of these quaternized membrane morphologies, they should be analyzed in
conjunction with the morphologies of the unquaternized precursor films.
As discussed in Section 4.3.4, TEM images of the quaternized membranes
revealed a cylindrical-like weakly ordered phase-separated morphology. The SAXS
patterns were found to be congruent with hexagonally closed packed cylinders.
However, the scattering patterns of the unquaternized precursor copolymers revealed
more of a lamellar structure. Figure 4.11 shows the SAXS profiles of the brominated
unquaternized pentablock precursors P20, P40, and P70. The peak positions of P70
match well with a lamellar morphology with a q/q* ratio of 1:2:3:4:5. At lower
bromination levels the higher order peaks 4q* and 5q* become less intense, and all
other peaks become comparably broader. The peak positions of P40 still match with
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lamellar morphology, however, P20 peaks seem to be slightly off. This deviation
suggests that the pattern might correspond to another morphology, perhaps hexagonally
packed cylindrical structure, similar to the quaternized membranes, where √3q* and 2q*
(similarly, √7q* and 3q*) scattering peaks merge into a one broad peak. However,
current information is not sufficient for a definitive morphology assignment.

Figure 4.11 SAXS of the parent unbrominated P0 (black) and the brominated
membranes P20 (red), P40 (green), and P40 (blue). Closed triangles designate
scattering peak positions for lamellar morphology, open triangles designate peak
positions for hexagonally closed packed cylindrical morphology. Spectra are
shifted along the y-axis for clarity.
It should be noted that these peak and morphology assignments are made in
conjunction with the current understanding of classical diblock copolymer theory.
However, with every added block a new level of complexity is introduced to the
system.46 Recent theoretical studies on symmetric pentablock copolymers, where the χ
parameters of all the blocks were equal and sufficiently high, propose a broad variety of
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morphologies.48 Thus, the form and structure of the phase-separated domains might be
significantly different than what has been discussed here. Therefore, SAXS results of
the brominated unquaternized films must be supported with TEM images.
Moreover, the brominated copolymer film structures should be compared to the
mother copolymer P0. On Figure 4.11 the SAXS pattern of P0 is shown. Compared to
the brominated copolymers, P0 scattering pattern is significantly different. The primary
scattering peak is observed to be broader and less intense than the second order peak,
which is an unexpected scattering response from well-ordered morphologies. Moreover,
the peak pattern does not follow lamellar or hexagonally closed packed cylinder
morphologies. These findings suggest a possibility of a mixed morphology. It should
also be considered that these SAXS measurements were through-plane measurements.
Therefore, the scattering patterns reflect the alignment of the domains parallel to the
plane of the film. Thus, the unexpected intensity response of the parent copolymer P0
might be related to some directional isotropy.
Solvent vapor annealing studies may be designed to analyze the morphology of
the quaternized pentablock copolymer membranes. Recently, Spontak et al. have
published a comprehensive study on solvent vapor annealing of midblock sulfonated
pentablock copolymer membranes. A series of solvents with different polarities were
utilized to obtain equilibrium morphologies from solvent cast membranes. For these
polymers it was shown that THF was the best solvent choice, both for casting and
annealing. Our preliminary and qualitative tests showed that the midblock quaternized
pentablock copolymers were insoluble in THF. However, when a mixed solvent of 2:1
THF:methanol (v:v) was used, the highest IEC membrane QP70 was dissolved. The
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other two membranes did not dissolve completely, however, QP40 swelled significantly
such that it became a gel-like sheet in the solvent, while QP20 swelled and maintained
its integrity. These findings suggest that this solvent combination is promising for
solvent vapor annealing studies, and possibly for preparing solvent cast membranes
from high IEC materials.
There are several advantages of using THF and methanol as cosolvents.
Trimethylamine solutions in THF and methanol are commercially available. Thus, a
mixed quaternization solution may be prepared that could possibly dissolve highly
functionalized pentablock copolymers during quaternization, and therefore allow a
nearly quantitative conversion of benzyl bromides into benzyl trimethylammonium
bromides. The same solvent combination can be used as a casting solvent. Moreover,
THF and methanol form a homogenous azeotrope.55 Thus, during solvent annealing (or
during evaporation in case of solvent casting) the vapor pressure will be constant for
both of the components, minimizing the possible effects of evaporation rate fluctuations
on annealing conditions. By designing a systematic solvent vapor annealing study the
morphology of the pentablock copolymer membranes, and subsequent structuremorphology-property behaviors, can be further analyzed. The complex morphology of
these midblock quaternized symmetric pentablock copolymers promises new
opportunities for investigating implications of polymer structure on membrane
processes and ion transport within block copolymers.
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CHAPTER 5
ALKALINE STABLE POLYMERIZABLE ALKYLAMMONIUM CATIONS

5.1

Introduction
One of the many challenges of anion exchange membrane (AEM) design is

maintaining the chemical stability of the membranes and the tethered cations that enable
ion transport.1–4 There have been several studies to explore alkaline stability of common
polymer backbones.5–9 Generally, aliphatic polymer backbones were found to be more
alkaline stable than main chain aromatic polymers.1–3,10
Benzyltrimethylammonium (BTMA) is the most commonly used cation due to
its synthetic ease of incorporation onto desired polymer structures using inexpensive
starting materials and versatile polymerization or post-polymerization modification
techniques. Lack of susceptibility towards Hofmann elimination, which was shown to
be the most vulnerable degradation pathway for tetraalkylammonium cations, makes
BTMA a cation of choice for fundamental studies.11,12 However, BTMA cations still
undergo degradation through direct nucleophilic substitution reactions (Figure 5.1).3,11,12
Therefore, while BTMA cations provide an excellent platform for fundamental AEM
studies, its stability falls short for long-term applications.
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Figure 5.1 Nucleophilic substitution and Hofmann elimination mechanisms of
BTMA under alkaline conditions
A large emphasis in research for anion exchange membranes is focused on
designing cations that outperform BTMA in regards to alkaline stability.10,13–20 Much of
the focus was given to quaternary ammonium cations with sterically hindered or
blocked β-carbons,7,8,21,22 bulky phosphonium cations,16,23 and resonance stabilized
cations.15,17,18 However, most of these cations require multiple synthetic steps, and only
a few of them are polymerizable, or suitable for attaching onto polymers via postpolymerization modification. Therefore, tetraalkylammonium cations are still favorable
due to their relatively easy synthesis and possibility to attach to polymerizable units,
thus, allowing for controlled integration onto polymer backbones. Finding stable cations
that can be tethered onto desired polymer structures, however, still remains a challenge.
In 1997, Tomoi and coworkers reported a noteworthy observation.24
Polystyrenic anion exchange membranes with the ammonium cation center separated
from the phenyl ring by a six-carbon alkyl chain exhibited improved thermal stability
under alkaline conditions compared to BTMA containing resins. Independently,
Wessling et al. made a similar observation for their polysulfone AEMs crosslinked with
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a series of N,N,N’,N’-tetramethylalkyldiamines.25 With increasing alkyl chain length,
increased alkaline stability was reported. Hibbs studied polyphenylene based AEMs
with a variety of nitrogen based cation centers (BTMA, guanidinium, and imidazolium)
as well as spacer-modified ammonium cations.26 His study showed that ammonium
cations, in general, were more alkaline stable than other cation centers, and alkyl
spacers indeed increased alkaline stability. Building on these reports, there have been an
increasing interest in developing strategies to integrate spacer modified cations onto
polymer backbones.13,27–29
In most of these reports spacer chains were directly attached to a phenyl ring
without utilizing a functional group linker, presumably to avoid possible additional
degradation sites. However, electrophilic substitution reactions on a non-functional
phenyl ring are synthetically challenging and somewhat limiting in scope. Therefore, a
few research groups have focused on modifying benzyl trialkylammonium cations
decorating them with bulky alkyl groups, for example with hexyl chains (Figure
5.2).14,10 Nevertheless, stability analysis of small molecule models of these benzyl
trialkylammonium cations showed that spacer-modified cations still performed the best.
~

<
N+

N+

<

<
N+

N+

N
+

Figure 5.2 Alkaline stability trend for benzyl trialkylammonium cations with
respect to a spacer modified cation14
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Improved alkaline stability of spacer modified ammonium cations are
hypothesized to be related to i) increased energy barrier for Hofmann elimination due to
increased steric hindrance exerted by the long alkyl chain, or ii) molecular
conformations that are not favorable for elimination reaction.12,22 These hypotheses are
based on empirical and theoretical studies on alkyltrimethylammonium cations that are
not tethered to a phenyl ring. Moreover, an important finding by Tomoi has been
neglected: hexyl spacers tethered through a benzyl ether link performed as well as the
ones that were attached directly to the phenyl link.24 Also, a recent study reported
exceptional stability of a phenyl ether tethered butyl spacer. Thus, it is possible to
obtain spacer-modified cations linked to polymer backbones through a functional group
linker, and it is still not clear why these cations are more stable than BTMA and other
benzyl trialkylammounium cations.
In this chapter a systematic approach to explore alkaline stability of spacer
modified phenyl-attached cations is described. Alkaline stability was studied on cations
designed with three different linker chemistries, where the spacer chain was attached to
the phenyl ring through a direct alkyl, phenyl ether, or a benzyl ether linker (Figure
5.3). Following the small molecule study spacer modified monomers, and their
homopolymers were designed as part of our effort to easily incorporate stable cations
onto polymer backbones.
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Figure 5.3 Overview of the monomer and polymer structures
5.2

Experimental

5.2.1 Materials and methods
All materials are used as received, unless indicated otherwise. 1H NMR
measurements were performed on a Bruker Avance500. Molecular modeling was
performed with Spartan’04 software.30 For geometry optimizations and surface potential
energy calculations were performed on DFT level of theory using B3LYP31,32 in
conjunction with the 6-31G* basis set.

5.2.2 Small molecule syntheses
5.2.2.1 Synthesis of phenylhexylbromide (PHBr) (M 5.1)
1,6-dibromohexane
Li

+

+

Br

Br

-78 oC to RT
THF

25 mol%

Br
PHBr
45%

< 10 mol%

Figure 5.4 Synthesis of PHBr
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In a 100 ml round bottom flask equipped with a magnetic stirrer 8.7 g (35.7
mmol) 1,6-dribomohexane was added, and dissolved in 37.7 g fresh distilled anhydrous
THF (20 wt %). The reaction flask was cooled to -78 oC. in an acetone/dry ice bath for
30 minutes. Phenyllithium (4.0 L, 7.2mmol) was added via a syringe drop wise over 15
min onto the cooled reaction solution while stirred vigorously. The flask was kept in the
acetone bath for an additional hour, and then slowly allowed to warm to room
temperature. The reaction was stirred overnight. Pouring the flask contents into 200 ml
cold brine water quenched the reaction. Organic phase was separated and dried over
MgSO4 and filtered. The crude product was distilled under vacuum (400 mTorr) at
68oC. The product was isolated from the distillate by column chromatography (silica,
hexanes) and collected as a clear oil (780 mg, 45% yield). 1H and 13C NMRs and GCMS revealed 1,6-dibromohexane (25 mol%) and 1,6-diphenylhexane (4.5 mol%) as
inseparable impurities. 1H NMR (CD2Cl2, 500 MHz): δ 7.30 (m, 5H, phenyl), 3.45 (t,
2H, benzyl), 2.65 (t, 2H), 1.89 (m, 2H), 1.66 (m, 2H), 1.4 (m, 2H). 13C NMR (CD2Cl2,
500 MHz): δ 143.8, 128.4, and 128.2 (phenyl); 35.7 (CH2, benzyl), 34.2 (-CH2-Br);
32.6, 31.3, 28.4, and 27.9 (4 CH2). GC-MS: m/z = 240. NMR Spectra are provided in
Appendix.

5.2.2.2 Synthesis of phenylhexyltrimethylammonium bromide (PHTMA) (M 5.2)
In a 20 mL glass vial equipped with a magnetic stirrer 500 mg PHTMA was
weighed. To the contents of the vial 5 mL aqueous trimethylamine solution was added.
The vial was covered with Teflon tape and then sealed with the lid. Parafilm was
covered around the lid to prevent any leakage. The vial was placed in a 60oC silicon oil
bath and left overnight. The vial was cooled to room temperature before opening the lid.
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Then, water was removed under airflow. As water evaporated a white paste crashed out
of the solution. The product was further dried at 40 oC under reduced pressure
overnight. Dried product was dissolved in 5 ml methanol and washed with hexanes (3 x
5mL) to remove the 1,6-diphenylhexane side product. Methanol layer was collected and
thoroughly dried. N,N,N’,N’,-hexamethylhexylammonium was detected as the
inseparable side product (30 mol% as calculated by 1H NMR). 1H NMR (CD3OD, 500
MHz): δ 7.20 (m, 5H, phenyl), 3.34 (m, 2H, CH2N), 3.13 (s, 9H, N(CH3)3), 2.65 (t, 2H,
benzyl), 1.79 (m, 2H), 1.68 (m, 2H), 1.51 (m, 2H), 1.44 (m, 2H).

13

C NMR (CD3OD,

500 MHz): δ 142.3, 128.0, 127.9, and 125.4 (phenyl); 66.4, 52.1 (-CH2-N(CH3)3); 53.5
(CH2); 35.3 (CH2, benzyl), 31.3, 28.3, and 22.5 (3 CH2). NMR Spectra are provided in
Appendix.

5.2.2.3 Synthesis of phenyloxyhexylbromide (POHBr) (M 5.3)
1,6-dibromohexane

OH

excess K 2CO3
DMF

O

POHBr
88%

Br

Figure 5.5 Synthesis of POHBr
In a 100 mL round bottom flask equipped with a magnetic stirrer 1.10g (11.7
mmol) phenol was dissolved in 60 ml DMF. Potassium carbonate (3.13 g, 22.6 mmol)
was added to the solution. To the rigorously stirring reaction solution 1,6dibromohexane (15.6 g, 63.8 mmol) was added all at once. Contents of the flask were
stirred at room temperature overnight. The reaction was quenched by pouring the
solution into 200 ml cold water. This mixture was washed with diethyl ether (3 x 100
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ml ). Organic layers were collected and dried over MgSO4. Crude product was filtered
and distilled under vacuum (200 mTorr) at 70oC. Product was isolated by column
chromatography by eluting first with 500 mL hexanes, then with 0.5% diethyl ether in
hexanes. First fraction that can be detected on TLC plate under UV light was collected.
Pale yellow oil was obtained. (2.65 g, 88% yield). NMR and GC-MS results showed
trace amounts of 1,6-dibromohexane and 1,6-diphenoxyhexane as impurities, both less
than 5 mol% (calculated from 1H NMR). 1H NMR (CD2Cl2, 500 MHz): δ 7.31, 6,94 (m,
5H, phenyl), 4.00 (t, 2H, OCH2), 3.48 (t, 2H,CH2Br), 1.92 (m, 2H), 1.83 (m, 2H), 1.55
(m, 2H). 13C NMR (CD2Cl2, 500 MHz): δ 159.2, 129.4, 120.4, and 114.4 (phenyl); 67.7
(OCH2), 34.1 (CH2Br); 32.8, 29.3, 27.9, and 25.9 (4 CH2). GC-MS: m/z = 240. NMR
Spectra are provided in Appendix.

5.2.2.4 Synthesis of phenyloxyhexyltrimethylammnium bromide (POHTMA) (M
5.4)
A similar procedure to PHTMA synthesis was followed. In a 20 mL glass vial
500 mg POHTMA was weighed. To the contents of the vial 5 mL aqueous
trimethylamine solution was added. The vial was covered with Teflon tape and then
sealed with the lid. Parafilm was covered around the lid to prevent any leakage. The vial
was placed in a 60oC silicon oil bath and left overnight. The vial was cooled to room
temperature before opening the lid. Then, water was removed under airflow. The
product was further dried at 40 oC under reduced pressure overnight. Dried product was
dissolved in 5 ml methanol and washed with hexanes (3 x 5mL) to remove
unquaternizable 1,6-diphenyloxyhexane side product. Methanol layer was collected and
thoroughly dried. 1H NMR (CD3OD, 500 MHz): δ 7.27 (m, 2H, phenyl), 6.92 (m, 3H,
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phenyl), 4.01 (t, 2H, OCH2), 3.37 (m, 2H, NCH2), 3.15 (s, 2H, (NCH3)3), 1.82 (m, 4H),
1.59 (m, 2H), 1.36 (m, 2H). 13C NMR (CD3OD, 500 MHz): δ 159.1, 129.0, 120.2, and
114.1 (phenyl); 67.12 (OCH2); 66.4 (-CH2-N); 53.4 (CH2CH2O); 52.2 (N(CH3)3); 28.7,
25.7, 25.4, and 22.5 (3 CH2). NMR Spectra are provided in Appendix.

5.2.2.5 Synthesis of benzyloxyhexanol (BOHOH) (M 5.5)
1,6-hexanediol
NaH, DMF
Br

RT

O

OH
BOHOH
(45%)

Figure 5.6 Synthesis of BOHOH
In a 100 ml round bottom flask equipped with a magnetic stirrer 1,6dibromohexane (5.90 g, 50.1 mmol) was dissolved in 20 ml DMF (anhydrous). To the
solution at room temperature NaH powder was added (1.00 g dispersed in mineral oil
(60 wt%), 25.2 mmol). The flask was capped with a rubber septum poked with a needle.
The flask contents were stirred rigorously for 30 minutes until bubble formation was
reduced. To the stirring solution benzyl bromide (2.84 g, 16.6 mmol) was added over 15
minutes via syringe. Reaction was continued for 3 hours under constant stirring. To stop
the reaction 50 mL water was added to the reaction flask. The quenched reaction
solution was subsequently extracted with diethyl ether (3 x 50 mL). Organic layer was
collected and dried over MgSO4. The crude product was dried under airflow to remove
excess diethyl ether. Dry crude product was run through a silica column using 20%
(v/v) ethyl acetate solution first. Once the first fraction was collected the eluent solution
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was changed to 50% (v/v) ethyl acetate. Clean product was collected as colorless oil
(1.55 mg, 45% yield). 1H NMR (CDCl3, 500 MHz): δ 7.26 (m, 5H, phenyl), 4.42 (s, 2H,
benzyl), 3.53 (t, 2H, OCH2), 3.38 (t, 2H, CH2Br), 1.82 (m, 4H), 1.53 (m, 2H), 1.48 (m,
2H), 1.29 (m, 4H). 13C NMR (CDCl3, 500 MHz): δ 138.6, 128.4, 127.7, 127.5 (phenyl);
72.9 (benzyl); 70.3 (OCH2); 62.8 (CH2Br); 32.7, 29.7, 26.0, and 25.6 (4CH2). NMR
Spectra are provided in Appendix. GC-MS m/z = 208

5.2.2.6 Synthesis of benzyloxyhexylbromide (BOHBr) (M 5.6)
TPP, CBr4

O

THF (anhydrous)
0o to RT

O

BOHBr
(72%)

OH

Br

Figure 5.7 Synthesis of BOHBr
In a 50 ml round bottom flask equipped with a magnetic stirrer M 5.5 (995mg,
4.8 mmol) and triphenylphosphine (TPP, 1.93g, 7.4 mmol) were dissolved in 10 mL
anhydrous THF, and cooled in an ice bath to 0 oC. In a separate flask CBr4 (2.38 g, 7.18
mmol) was dissolved in 10 mL anhydrous THF. Utilizing a cannula the CBr4 solution
was added into the reaction flask over 20 minutes under nitrogen gas. Upon complete
addition the reaction flask was removed from the ice bath and stirred for 1 hour.
Triphenylphosphine oxide (TPPO) precipitated over time. TLC confirmed completion
of the reaction. Exposing the flask to air quenched the reaction. The precipitate was
filtered. The filtrate was diluted with 20 mL diethylether to crash out more TPPO, and
filtered. The crude product was isolated by removing the excess solvent under airflow.
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Silica gel column chromatography was performed first with hexanes as eluent, then
with 5% (v/v) diethylether in hexanes. UV active fraction (Rf 0.4) was collected and
isolated as pale yellow oil (937 mg, 72.4 %). 1H NMR (CD2Cl2, 500 MHz): δ 7.24 (m,
5H, phenyl), 4.38 (s, 2H, benzyl), 3.38 (t, 2H, OCH2), 3.33 (t, 2H, CH2Br), 1.77 (m,
2H), 1.52 (m, 2H), 1.33 (m, 4H).

13

C NMR (CD2Cl2, 500): δ 138.6, 128.4, 127.7 and

127.5 (phenyl); 72.9 (benzyl); 70.34 (-CH2O); 62.8 (-CH2Br); 32.7, 29.7, 26.0, and 25.6
(4CH2). NMR Spectra are provided in Appendix. GC-MS m/z = 270

5.2.2.7 Synthesis of benzyloxyhexyltrimethylammonium bromide (BOHTMA) (M
5.7)
A similar procedure to PHTMA synthesis was followed. In a 20 mL glass vial
500 mg POHTMA was weighed. To the contents of the vial 5 mL aqueous
trimethylamine solution was added. The vial was covered with Teflon tape and then
sealed with the lid. Parafilm was covered around the lid to prevent any leakage. The vial
was placed in a 60oC silicon oil bath and left overnight. The vial was cooled to room
temperature before opening the lid. Then, water was removed under airflow. The
product was further dried at 40 oC under reduced pressure overnight. 1H NMR (CD3OD,
500 MHz): δ 7.52 (m, 5H, phenyl), 4.68 (s, 2H, benzyl), 3.70 (t, 2H, OCH2), 3.50 (m,
2H, NCH2), 3.31 (s, 2H, (NCH3)3), 1.98 (m, 2H), 1.84 (m, 2H), 1.68 (m, 2H), 1.60 (m,
2H).

13

C NMR (CD3OD, 500 MHz): δ 138.4, 128.0, 127.5, and 127.3 (phenyl); 72.6

(benzyl); 66.4 (-CH2-N); 52.2 (N(CH3)3); 29.0, 25.7, 25.4, and 22.5 (4CH2). NMR
Spectra are provided in Appendix.
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5.2.3 Monomer syntheses
5.2.3.1 Synthesis of 4-vinyl benzylhexylbromide (vPHBr) (M 5.8)
n-BuLi

Br

THF
-78 oC

1,6-dibromohexane

+

-78 oC to RT
Li

THF

Br
vPHBr

Figure 5.8 Synthesis of vPHBr
In a 250 mL round bottom flask equipped with a magnetic stirrer 4bromostyrene (5.17 g, 28.2 mmol) was dissolved in 100 mL fresh distilled THF.
Contents of the flask were cooled to -78 oC for 15 minutes in a dry ice/acetone bath. In
another flask 23 mL n-butyl lithium (2.5 M in hexanes, 57.5 mmol) was added and kept
cold in an ice bath. With a cannula the n-butyl lithium solution was added to the 4bromostyrene solution over 30 minutes under inert atmosphere. Reaction solution was
stirred rigorously at -78 oC for 2 hours while the clear yellow solution became milky
yellow over time. In a separate flask 1,6-dibromohexane (15.1 g, 61.8 mmol) was
dissolved in 100 mL distilled THF, and cooled to -78 oC for 15 minutes. This solution
was cannulated into the reaction flask over 1.5 hours under inert atmosphere. The milky
yellow solution became clear again. At the end of the cannulation the reaction flask was
removed from dry ice bath and dipped into a brine ice bath, stirred and then allowed to
warm to room temperature overnight. Reaction was quenched by pouring the contents
of the flask into 500 mL water. Organic layer was separated, collected and distilled
under vacuum. Vacuum distillation started at 200 mTorr at room temperature to remove
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low boiling side products. Then at 50 mTorr at 50 oC excess 1,6-dibromohexane was
removed. Distillate was run through a silica gel column with hexanes to remove colored
impurities. Product was collected as colorless oil (7.18 g). NMR showed existence of
1,6-dibromohexane (25 mol %) and disubstituted byproduct ( 20 mol%) as impurity. 1H
NMR (CD2Cl2, 500 MHz): δ 7.37, 7.17 (dd, 4H, phenyl), 6.73 (m, 1H, vinyl), 5.73 (d,
1H), 5.22 (d, 1H), 3.40 (t, 2H), 2.63 (t, 2H), 1.91 (m, 2H), 1.67 (m, 2H), 1.51 (m, 4H).
13

C NMR (CD2Cl2, 500 MHz): δ 142.3, 136.7, 135.2, 128.6, 126.2, 35.5, 34.0, 32.8,

31.2, 28.4, 28.0. GC-MS: m/z = 268. Spectra are provided in Appendix.

5.2.3.2 Synthesis of 4-vinyl benzylhexyl trimethylammonium bromide (vPHTMA)
(M 5.9)
In a 20 mL glass vial 500 mg vPHBr was weighed. To the contents of the vial 10
mL aqueous trimethylamine solution was added. The vial was covered with Teflon tape
and then sealed with the lid. Parafilm was covered around the lid to prevent any leak.
The vial was placed in a 60oC silicon oil bath and left overnight. The vial was cooled to
room temperature before opening the lid. Then, water was removed under airflow. The
product was further dried at 40 oC under reduced pressure overnight. Dried product was
dissolved in 5 ml methanol and washed with hexanes (3x5mL) to remove
unquaternizable 1,6-bis-(4-vinylphenyl)hexane side product. Methanol layer was
collected and thoroughly dried. NMR spectra showed existence of quaternized 1,6dibromohexane and a trace amount of disubstituted product. 1H NMR (CD3OD, 300
MHz) δ: 7.34, 7.16 (m, 4H, phenyl), 6.74 (m, 1H), 5.57 (d, 1H), 5.19 (d, 1H), 3.42 (m,
2H,), 3.13 (s, 9H), 2.65 (t, 2H, benzyl), 1.76 (m, 2H), 1.68 (m, 2H), 1.44 (m, 4H). NMR
Spectrum is provided in Appendix.
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5.2.3.3 Synthesis of 4-vinyl phenol (vPOH) (M 5.10)

1) KOH, H 2O
0 to RT
2) 1M HCl (aq)
O

OH

O

68%
Figure 5.9 Synthesis of vPOH

In a 50 mL round bottom flask equipped with a magnetic stirrer 4-acetoxy
styrene (2.04 g, 12.6 mmol) was weighed and dissolved in 8 mL distilled water. The
mixture was cooled to 0 oC, subsequently potassium hydroxide (1.75g, 31.2 mmol) was
added under constant agitation. The mixture was allowed to come to room temperature
and continued stirring until the mixture became homogenous (about 3 hours). The
reaction mixture was neutralized to pH 8 - 7 using 1.0 M hydrochloric acid solution.
The resulting precipitate was collected via filtration and dried under reduced pressure to
obtain a pale pink solid. (1.03 g, 68.0%) 1H-NMR (DMSO, 300 MHz) δ 9.50 (1H, s),
7.29 (2H,d), 6.74 (2H, d), 6.62 (1H, dd), 5.56 (1H, d), 5.02 (1H, d). 13C-NMR (DMSO)
δ 157.80, 136.85, 128.69, 127.89, 115.78, 111.10. NMR Spectra are provided in
Appendix.
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5.2.3.4 Synthesis of 4-vinyl phenyloxyhexylbromide (vPOHBr) (M 5.11)
1,6-dibromohexane

OH

excess K 2CO 3
DMF

O

68%
vPOHBr
72%

Br

Figure 5.10 Synthesis of vPOHBr
To a 100 round bottom flask equipped with a magnetic stirrer 4-vinylphenol (M
5.10) (509 mg, 4.24 mmol) and potassium carbonate (2.07 g, 14.98 mmol) was weighed
and dissolved in 5 mL DMF. The mixture was stirred for 1 hour, until the color of the
solution became pale pink. In a separate flask 1,6-dibromohexane (5.66 g, 23.2 mmol)
was dissolved in 12 mL DMF and was transferred to the reaction mixture all at once.
Stirring at room temperature continued overnight (16 hours). Completion of the reaction
was confirmed by thin layer chromatography and by observing the absence of pink
solution color. Reaction was stopped by pouring the reaction mixture into 100 mL
water. The product was extracted with diethylether (3 x 50 mL). Organic layer was
collected and dried over magnesium sulfate and filtered. Solvent was removed under
reduced pressure. Product was isolated by column chromatography (first 500 mL
hexanes, then 5% v/v ethyl acetate in hexanes). A white solid product was isolated
(0.864 g, 71.9 %). 1H NMR (CDCl3, 300 MHz): δ 7.35 (m, 2H, phenyl), 6.89 (m, 2H,
phenyl), 6.67(m, 1H), 5.66 (d, 1H), 5.16 (d, 1H), 3.99 (t, 2H, OCH2), 3.45 (m, 2H,
CH2Br), 1.92 (m, 2H), 1.82 (m, 2H), 1.53 (m, 4H).

13

C NMR (CDCl3, 300 MHz): δ

158.8, 136.3, 130.3, 127.4, 114.5, 111.5, 67.7, 33.9, 32.7, 29.1, 28.0, 25.3. GC-MS m/z
= 282. NMR Spectra are provided in Appendix.
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5.2.3.5 Synthesis of 4-vinylphenyloxyhexyl TMA (vPOHTMA) (M 5.12)
In a 20 mL glass vial 500 mg vPHBr was weighed. To the contents of the vial 10
mL aqueous trimethylamine solution was added. The vial was covered with Teflon tape
and then sealed with the lid. Parafilm was covered around the lid to prevent any leak.
The vial was placed in a 60oC silicon oil bath and left overnight. The vial was cooled to
room temperature before opening the lid. Then, water was removed under airflow. The
product was further dried at 40 oC under reduced pressure overnight. 1H NMR (CD3OD,
300 MHz): δ 7.23 (m, 2H, phenyl), 6.77 (m, 2H, phenyl), 6.56 (m, 1H), 5.49 (d, 1H),
4.99 (d, 1H), 3.90 (t, 2H, OCH2), 3.03 (m, 2H, N(CH3)3), 1.71 (m, 4H), 1.50 (m, 2H),
1.37 (m, 2H). Spectrum is provided in Appendix.

5.2.3.6 Synthesis of 4-vinyl benzyloxyhexanol (vBOHOH) (M 5.13)
1,6-hexanediol

Cl

NaH, DMF
0oC to RT

O

vBOHOH
(47%)

OH

Figure 5.11 Synthesis of vBOHOH

In a dry 250 mL round bottom flask equipped with a magnetic stirrer 1,6hexanediol (27.8 g , 235 mmol) was weighed and dissolved in 90 mL anhydrous DMF.
NaH (4.6 g, 115 mmol, 60 wt% dispersion in mineral oil) was slowly added to the ice
cold 1,6-hexanediol solution. The mixture was stirred for 1h at 0

o

C. 4-

Vinylbenzylchloride (12.0 g, 78.6 mmol) was added slowly to the dispersion at 0 oC.
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After complete addition the reaction was allowed to come to room temperature and
stirred overnight. The reaction was quenched by adding a large excess of water (250 –
300 ml). The reaction mixture was extracted with ethyl acetate (3 x 150 mL). The
combined organic layers were dried over anhydrous magnesium sulfate. The solvent
was removed under reduced pressure. The product was isolated by a silica gel column
chromatography, first with ethyl acetate/hexanes (1:9, v/v) as eluent until first fraction
was collected, then with ethyl acetate/hexanes (1:1, v/v) until a second fraction was
collected as a colorless liquid. (12.1 g, 66% yield). 1H-NMR (CDCl3, 300 MHz) δ 7.30
(m, 4H). 6.65 (m, 1H), 5.78 (1H, d), 5.26 (1H, d), 4.49 (s, 2H), 3.59 (t, 2H), 3.47 (t,
2H), 2.41 (s, 1H), 1.64 (m, 4H), 1.39 (m, 4H). 13C-NMR (CDCl3, 300 MHz) δ: 138.2,
136.9, 136.6, 127.9, 126.2, 72.6, 70.3, 62.6, 32.6, 29.7, 26.0, 25.6. GC-MS m/z = 234
NMR Spectra are provided in Appendix.

5.2.3.7 Synthesis of 4-vinyl benzyloxyhexylbromide (vBOHBr) (M 5.14)
TPP, CBr4

O

THF (anhydrous)
RT

O

vBOHBr
(85%)

OH

Br

Figure 5.12 Synthesis of vBOHBr
In a dry 100 mL round bottom flask equipped with a magnetic stirrer M 5.12
(2.50g, 10.66 mmol) and triphenylphosphine (TPP) (4.23g, 16.11mmol) was dissolved
in 35 ml anhydrous THF. In a separate 100 mL dry round bottom flask carbon
tetrabromide (CBr4) (5.33g, 16.1 mmol) was weighed and dissolved in 50 mL
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anhydrous THF. CBr4 solution was cannulated into the M 5.12 and TPP solution over
3h. The reaction was stirred for an additional 30 minutes under inert atmosphere.
Completion of reaction was checked via TLC (Ethyl Acetate/ Hexanes 1/2). The
precipitate was removed via gravitational filtration. The residue was washed with a
small portion of THF. The filtrate was diluted with 100 mL diethyether. The resulting
precipitate was removed via filtration. The solvent was removed under reduced
pressure. The product was isolated by a silica gel column chromatography (Ethyl
Acetate/Hexanes 1/19) as a colorless liquid. (2.69g, 85 %) 1H-NMR (CDCl3, 300 MHz)
δ 7.40, 7.30 (m, 4H). 6.75 (m, 1H), 5.80 (1H, d), 5.28 (1H, d), 4.51 (s, 2H), 3.48 (t, 2H),
3.43 (t, 2H), 1.98 (m, 2H), 1.65 (m, 2H), 1.46 (m, 4H). 13C-NMR δ: 138.2, 136.9, 136.6,
127.9, 126.2, 113.7, 72,6, 70.2, 33.9, 32.8, 29.6, 28.0, 25.4. GC-MS m/z = 298 NMR
Spectra are provided in Appendix.

5.2.3.8 Synthesis of bromomethyl norbornene (NBMBr) (M 5.15)
+

Br
Br

170 oC
20 hours

Figure 5.13 Synthesis of NBMBr
This

synthesis

was

performed

following

a

literature

procedure.33

Dicyclopentadiene (42.0 g, 318 mmol), allyl bromide (100 g, 826 mmol), and
hydroquinone (250 mg, 2.3 mmol) was charged in a Schlenk flask equipped with a
magnetic stirrer. The flask was heated to 170 oC for 20 hours. After cooling the flask the
excess allyl bromide was removed by rotary evaporation at 50 oC. The remaining liquid
was then distilled at 100 mTorr first at room temperature, then at 45 oC to obtain
161	
  

colorless oil as the product. Colorless oil was collected (80 g, 67.2 % yield). 1H NMR
showed a mixture of 15 mol% exo and 85 mol% endo isomers. 1H NMR (500 MHz,
CDCl3) δ 6.14 (dd, J = 5.3, 3.0 Hz, 1H), 5.93 (dd, J = 5.4, 2.7 Hz, 1H), 3.14 (dd, J = 9.3,
7.0 Hz, 1H), 2.98 (t, J = 9.6 Hz, 1H), 2.93 (s, 1H), 2.81 (s, 1H), 2.51 – 2.40 (m, 1H),
1.92 – 1.84 (m, 1H), 1.43 (d, J = 8.2 Hz, 1H), 1.24 (d, J = 8.3 Hz, 1H), 0.56 – 0.49 (m,
1H). The NMR spectrum is provided in Appendix.

5.2.3.9 Synthesis of 6-bromohexyloxy norbornene (NBHBr) (M 5.16)
1) 1.5 equiv. NaH
THF (anhydrous)
OH

2) 1,6-dibromohexane
Reflux, 2 days

O

60 %
Br

Figure 5.14 Synthesis of NBHBr
In the first step, 5-norbornene-2-methanol (mixture of endo- and exo-isomers)
was synthesized by reducing 5-norbornene-2-carboxaldehyde. Into a conical flask 5norbornene-2-carboxaldehyde (25 g, 205 mmol) and 200 mL MeOH was added and
cooled to 0 oC in ice bath. To the stirring mixture sodium borohydride (21.6 g, 570
mmol) was added in small (~1 g) portions. Reaction left to stir overnight as it warmed
slowly to room temperature. After 12 hours, reaction was quenched by adding 100 mL
1M HCl (aq) solution, and 100 mL deionized water. The product was extracted with
ethyl acetate (3x100 mL) from the water layer, and purified by passing through a short
column. The structure was confirmed by 1H NMR
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Next, in a 100 mL round bottom flask equipped with a magnetic stirrer 5norbornene-2-methanol (1.14 g, 9.2 mmol) was dissolved in 20 mL anhydrous DMF
and cooled in an ice bath. To the solution was added NaH powder (dispersed in mineral
oil (60 wt%), 559 mg, 14.0 mmol). Reaction flask was equipped with a rubber septum
pierced with a syringe. The solution was stirred for 1 hour as the flask was kept in an
ice bath. To the solution 1,6-dibromohexane (12.7 mg, 52.0 mmol) was added all at
once. The flask was removed from the ice bath, equipped with a condenser, and dipped
in a silicone oil bath at 65 oC. Reaction was left to reflux for 48 hours. Reaction was
stopped by cooling down the reaction flask and pouring the flask contents into 300 mL
saturated salt water. The aqueous phase was extracted with ethyl acetate (3 x 50 mL).
Organic layers were combined, dried over MgSO4, filtered, and solvent was removed
utilizing a rotary evaporator. Excess 1,6-dibromohexane was distilled under vacuum (50
mTorr, 50 oC). Distillation residue was further purified by running through a silica
column (5% v/v ethyl ether in hexanes). A colorless oil was collected with 25 mol%
1,6-dibromohexane impurity (1.72 g, 65%). 1H NMR (CDCl3, 500 MHz): δ 6.05, 5.86
(m, 2H, vinyl), 3.34 (m, 4H), 3.06, 2.93 (m, 2H), 2.83 (s, 1H), 2.71 (s, 1H), 2.27 (m,
1H), 1.80, 1.50, 1.18, 0.80, 0.40 (m, 12H).

13

C NMR (CDCl3, 500 MHz): δ 137.1,

132.4, 74.6, 70.7, 49.4, 42.2, 38.8, 32.8, 29.5, 29.2, 28.0, 25.4. NMR Spectra are
provided in Appendix. GC-MS: m/z = 288.

163	
  

5.2.3.10 Synthesis of 6-bromohexyl phenyl norbornene (NBPHBr) (M 5.17)
1 mol% PdCl 2(PPh 3) 2
Et 3N, HCOOH, DMF, 50 oC

Br

Br

+
I

1

Br

n-BuLi

Li

THF, -78oC, 2h

3 equiv.
Br

Br

Br

THF, 0oC, 2h

1

NBPHBr

Figure 5.15 Synthesis of NBPHBr
NBPHBr

was

synthesized

in

two

steps.

First,

5-exo-(4-

bromophenyl)bicyclo[2.2.1]hept-2-ene (1) was synthesized following a reported
procedure.1 To 1-bromo-4-iodobenzene (6.90 g, 24.4 mmol) and PdCl2(PPh3)2 (172.9
mg, 0.244 mmol) in 10 mL DMF, was added norbornadiene (6.90 g, 75.1 mmol), Et3N
(7.99 g, 78.9 mmol), and formic acid (2.36 g, 51.3 mmol). The reaction flask was then
heated to 50 oC for 1 hour. The solution was transferred to a separatory funnel, then
extracted with 50 mL 10% HCl aqueous solution and 50 mL hexane. The organic phase
was extracted two times with 50 mL 10% HCl aqueous solution, and the combined
aqueous layers washed twice with 50 mL hexane. The combined organic layers were
dried with MgSO4 and then filtered through a silica pad with washing with hexane.
Evaporation of the residual solvent afforded the product (4.70g, 77%) as a colorless oil.
1

H NMR (400 MHz, CDCl3) 7.40 (d, 2H, J = 8.4 Hz), 7.15 (d, 2H, J = 8.3 Hz), 6.24 (dd,

1H, J = 5.6, 3.2 Hz), 6.17 (dd, 1H, J = 5.6, 2.9Hz), 2.97 (bs, 1H), 2.87 (bs, 1H), 2.66
(dd, 1H, J = 8.0, 5.5 Hz), 1.7-1.6 (m, 2H), 1.52 (bd, 1H, J= 8.5 Hz), 1.43 (bd, 1H, J =
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8.6 Hz);

13

C NMR (100 MHz, CDCl3) 145.1, 137.4, 137.1, 131.2,129.3, 119.1, 48.0,

45.6, 43.2, 42.3, 33.7.
In a second step, 1 (4.60 g, 18.5 mmol) was dissolved in 100 mL freshly
distilled THF under N2, then cooled to -78oC by dry ice/acetone bath. Sec-butyllithium
(26.4 mL, 37.0 mmol) was slowly added and the reaction was kept under -78oC for 1h.
The solution was cannulated to an excess amount of dibromohexane (13.5g, 55.5 mmol)
for 2h then slowly warmed to room temperature. The solvent was removed by rotaryevaporator and the organic residue was dissolved in Et2O and extracted with water three
times. Evaporation of the residual solvent afforded a colorless liquid, which was further
purified by vacuum distillation at 40oC, 20 mTorr to remove residual dibromohexane.
1

H-NMR and 13C-NMR indicated the presence of residual dibromohexane (11.8 wt%).

However, as it did not precipitate in the polymerization and was removed afterward, it
will not compromise the reliability of the polymer synthesis. Interestingly, GC-MS
spectrum was not able to detect any signal corresponding to such structure. Instead,
peaks at 266 and 268 m/z were detected. This is due to retro Diels-Alder reaction of the
molecule, which decomposed to release styrene hexyl bromide at elevated temperature.
1

H-NMR (500 MHz, CDCl3) δ 7.20 (d, J = 7.9 Hz, 2H), 7.11 (d, J = 7.9 Hz, 2H), 6.25

(dd, J = 5.3, 3.2 Hz, 1H), 6.16 (dd, J = 5.4, 2.8 Hz, 1H), 3.41 (dd, J = 14.5, 7.2 Hz, 2H),
2.96 (s, 1H), 2.88 (s, 1H), 2.75 – 2.65 (m, 1H), 2.61 – 2.56 (m, 2H), 1.94 – 1.80 (m,
2H), 1.74 (dt, J = 11.7, 4.1 Hz, 1H), 1.68 – 1.56 (m, 4H), 1.53 – 1.20 (m, 5H). 13C-NMR
(125 MHz, CDCl3) δ 143.44, 139.73, 128.29, 127.54, 48.39, 45.78, 43.36, 42.30, 35.34,
34.05, 33.60, 32.78, 31.34, 28.47, 28.08. ESI-MS: chemical formula: C19H25Br,
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calculated M = 332.1140 (m/z), observed (M+Na+) = 355.1150 (m/z). NMR Spectra are
provided in Appendix.

5.2.4 Polymer syntheses
5.2.4.1 p(PHTMA) synthesis (P 5.1)
In a 20 mL vial with a septum lid equipped with a magnetic stirrer was added
M 5.9 (219 mg, 670 umol), ABCVA (0.3 mL of a 6 mg/mL solution in 1,4 dioxane, 6.7
umol), and 0.7 mL 1,4-dioxane/water solution (2.5:1 v/v). The contents of the flask
were dissolved by warming the flask in a lukewarm water bath, and subsequently
purged with nitrogen gas for 20 minutes. Reaction was started by placing the vial into a
heating block at 65oC, and continued for 24 hours. Reaction was quenched by cooling
the flask in an ice bath. 1H NMR suggested 80% conversion (20% residual monomer).
Crude polymer was recovered by evaporating the solvent under reduced pressure. The
polymer was purified by membrane dialysis in methanol utilizing cellulose membranes
with 1000 Da molecular weight cutoff value. After 24 hours 1H NMR shows less then
1% residual monomer. Pure polymer was collected by transferring the dialysis solution
into vials and evaporating methanol under airflow. This method leaves a thin polymer
film on the walls of the collection vial. To obtain the polymer in powder form the
contents of the flask was dissolved in minimum amount of methanol, and ethyl acetate
was added dropwise until a cloudy solution was obtained. Subsequently the polymer
was dried first under air flow at room temperature, then under reduced pressure at 40oC.
A white powder was obtained. 1H NMR spectrum is provided in Appendix.
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5.2.4.2 p(POHTMA) synthesis (P 5.2)
In a 20 mL vial with a septum lid equipped with a magnetic stirrer was added
M 5.13 (149 mg, 434 umol), ABCVA (0.4 mL of a 3 mg/mL solution in 1,4 dioxane,
4.6 umol), and 1.4 mL 1,4-dioxane/water solution (0.4:1 v/v). The contents of the flask
were purged with nitrogen gas for 30 minutes. Reaction was started by placing the vial
into a heating block at 65oC, and continued for 24 hours. Reaction was quenched by
cooling the flask in an ice bath. 1H NMR suggested 84% conversion (16% residual
monomer). Crude polymer was recovered by evaporating the solvent under reduced
pressure. The polymer was purified by membrane dialysis in methanol utilizing
cellulose membranes with 1000 Da molecular cutoff value. After 24 hours 1H NMR
shows less than 1% residual monomer. Pure polymer was collected by transferring the
dialysis solution into vials and evaporating methanol under airflow. Subsequently the
polymer was dried first under air flow at room temperature, then under reduced pressure
at 40 oC. A white powder was obtained (134 mg, 90%) 1H NMR spectrum is provided
in Appendix.

5.2.4.3 p(BOHTMA) synthesis (P 5.3)
In a 20 mL vial with a septum lid equipped with a magnetic stirrer was added
M 5.14 (416 mg, 1.4 mmol), AIBN (0.7 mL of a 3 mg/mL solution in 1,4-dioxane, 14
µmol), and 0.7 mL anisole (1 M). The contents of the flask were purged with nitrogen
gas for 30 minutes. Reaction was started by placing the vial into a heating block at
65oC, and continued for 24 hours. Reaction was quenched by cooling the flask in an ice
bath. 1H NMR suggested 70% conversion (30% residual monomer). The crude polymer
was recovered by evaporating the solvent under reduced pressure, and subsequently was
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quaternized with aqueous trimethylamine at 65oC overnight. Quaternized polymer was
recovered by evaporating water under airflow. The polymer was purified via membrane
dialysis in methanol utilizing cellulose membranes with 1000 Da molecular cutoff
value. After 24 hours 1H NMR shows less then 1% residual monomer. Pure polymer
was collected by transferring the dialysis solution into vials and evaporating methanol
under airflow. Subsequently the polymer was dried first under airflow at room
temperature, then under reduced pressure at 40 oC. A white powder was obtained (238
mg, 45% yield). 1H NMR Spectra are provided in Appendix.

5.2.4.4 p(NBMTMA) synthesis (P 5.4)
In a 20 mL vial with a septum lid equipped with a magnetic stirrer was dissolved
M 5.15 (355 mg, 1.9 mmol) in 1mL DCM. In another vial G1 catalyst (18 mg, 22 µmol)
was dissolved in 1 mL DCM. Both vials were cooled to 0oC in an ice bath and purged
with nitrogen gas for 30 minutes. Reaction was started by transferring the G1 solution
into the monomer solution. Reaction was stirred at room temperature overnight, and
quenched by precipitation in excess methanol. Precipitate was filtered and dried under
reduced pressure overnight. Dry polymer was recovered as a pale pink powder (304 mg,
86%). Subsequently, 300 mg polymer was quaternized in 20 mL aqueous
trimethylamine at 60 oC overnight. Quaternized polymer was dried first under airflow at
room temperature, then at 40 oC under reduced pressure. 1H NMR spectrum is provided
in Appendix.
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5.2.4.5 p(NBHTMA) synthesis (P 5.5)
In a 20 mL vial with a septum lid equipped with a magnetic stirrer was dissolved
M 5.16 (200 mg, 0.7 mmol) in 0.7 mL DCM. In another vial G3 catalyst (5.4 mg, 6
µmol) was dissolved in 0.7 mL DCM. Reaction was started by transferring the G3
solution into the monomer solution. Reaction was stirred at room temperature
overnight. Polymer was recovered by removing solvent first under air flow, then under
reduced pressure overnight. Dry polymer was recovered as a pale green powder.
Subsequently, the polymer was quaternized in 20 mL aqueous trimethylamine at 60 oC
overnight. Quaternized polymer was dried first under airflow at room temperature, then
at 40 oC under reduced pressure. 1H NMR spectrum is provided in Appendix.

5.2.4.6 p(NBPHTMA) synthesis (P 5.6)
M 5.17 (0.2g, 0.6 mmol) was dissolved in 5 mL freshly distilled DCM, G1 (4.0
mg, 4.9 µmol) was dissolved in 10 mL DCM. The two solutions were mixed together at
room temperature for 12 h before quenching by addition of 0.2 mL ethyl vinyl ether.
The polymer solution was precipitated in hexane to remove residual dibromohexane and
unreacted monomers. Light brown polymer was recovered and dried under vacuum.
P 5.6 (0.15g) was soaked in 15 mL (33% wt) trimethyl amine aqueous solution
in a sealed vial. The mixture was heated to 50 oC overnight. During the quaternization,
the polymer can be seen dissolving as the reaction taking place. The quaternized
polymer was recovered by drying the solvent by N2 flow then further vacuum drying at
40 oC overnight. 1H NMR spectrum is provided in Appendix.
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5.2.5 Alkaline stability experiments of small molecule and homopolymer cations
Alkaline stabilities of the small molecule and homopolymers cations were
determined via 1H NMR following a previously reported method.5 As degradation
solvent 2M KOD in MeOD/D2O (3:1 v/v) was used with 1,4-dioxane as the internal
standard. The degradation solvent was prepared fresh before the start of each
experiment. A sample preparation is as follows: 1.00 g 40 wt% KOD solution in D2O
was measured in a 20 mL polypropylene flask. To this solution 3.5 mL MeOD and 30
mg 1,4-dioxane was added. Methanol was used to provide better solubility for
homopolymer cations, and to accelerate degradation rate since methoxide is a better
nucleophile than hydroxide.16 The solvent was well mixed and used within one day of
preparation.
A sample was prepared as follows: 30 mg cation (or homopolymer) was
weighed in a 6 mL glass vial. To this vial 0.5 mL degradation solvent was added. The
solution was mixed under ultra-sonication for approximately 2 minutes, until the
solution was homogenous, or with most of the solid dissolved. Subsequently, contents
of the flask were transferred into an NMR tube without filtering the insoluble suspended
particles. The NMR tube was capped with a plastic cap, and the cap was wrapped with a
thick layer of Parafilm. Immediately following sample preparation an initial 1H NMR
spectrum was collected. Then, the tube was dipped in a silicone oil bath at 80 oC. After
1 hour the solid particles were observed to dissolve, and another NMR spectrum was
collected. This reading was used as the first data point (100 % residual TMA) for the
rest of the measurements. Reduction of TMA was calculated comparing the reduction of
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the integral value of TMA with respect to 1,4-dioxane. Data was collected every day for
7 days, and on the 14th, 21st, and 28th day.

5.3

Results and Discussions

5.3.1 Design and synthesis of phenyl-attached hexyl TMAs
Three phenyl-attached hexyltrimethylammonium cations were designed. Hexyl
chains were tethered to a phenyl ring through a direct alkyl (carbon-carbon) (PHTMA),
phenyl ether (POHTMA), or a benzyl ether (BOHTMA) link (Figure 5.16).
R1 =
R1
OH
N

BTMA

OH

PHTMA
POHTMA
BOHTMA

N
O

O

N

N

OH

OH

Figure 5.16 Phenyl-attached alkyl ammonium cations

The small molecule cations were obtained by quaternizing their n-bromohexyl
substituted neutral precursors PHBr, POHBr, and BOHBr, respectively. Syntheses and
purification of the ether-linked neutral molecules were relatively straightforward.
Synthesis of PHBr was achieved via alkylation of phenyl lithium with excess 1,6dibromohexane. Purification of PHBr was challenging. Due to similar solubility and
polarity of 1,6-dibromohexane and PHBr purification methods such as solvent-solvent
extraction and column chromatography were unsuccessful. While most of 1,6171	
  

dibromohexane was removed by vacuum distillation, there was still a significant
amount

remaining.

dibromohexane

and

Therefore,

PHBr

and

PHTMA

contained

N,N,N’,N’,-hexamethylhexylammonium

residual

(H(TMA)2)

as

1,6an

inseparable impurity, respectively. However, existence of these impurities did not
interfere with the alkaline stability measurements, since PHTMA and (H(TMA)2) can
be distinguished from each other in 1H NMR. In fact, this chemical shift difference led
to important findings as it will be discussed in detail later in this chapter.

5.3.2 Alkaline stability of small molecule phenyl-attached hexyl TMAs and their
possible degradation mechanisms
Degradation rates were reported as the remaining TMA functionality over a 14day period. Phenyl-attached hexyl TMA cations showed significantly improved alkaline
stability compared to the BTMA cation (Figure 5.17). The half-lives of PHTMA,
POHTMA, and BOHTMA were found to be 210, 275, and 175 days, respectively, while
BTMA half-life was determined as 30 days. Evidently, the ether tethered cations
displayed similar stability to PHTMA, suggesting that the ether oxygen does not affect
the chemical stability of the hexyl-tethered cation. The relatively acidic benzyl
hydrogens present in BOHTMA, was found to be five to six times more stable than
BTMA. This finding is important from a synthetic point of view. The synthesis of
PHTMA has several practical challenges, mainly related to imperfect purification of the
product. Syntheses of POHTMA and BOHTMA were relatively straightforward, with
fewer and less elaborate synthetic steps, allowing easier access to desired molecular
architectures.
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Figure 5.17 Alkaline stability of phenyl-attached cations compared to BTMA
cation stability
To understand the underlying reasons for improved stability of the spacermodified cations, possible degradation mechanisms and products were determined by
comparing 1H NMR spectra of each cation on the first and last day of the degradation
experiments. In general, all three cations underwent nucleophilic substitution by
methoxide anion at TMA methyl groups (-N(CH3)3), and at the methylene group α to
TMA

(-CH2N-),

forming

alkyldimethylamine

and

alkylmethylether

products,

respectively.
For example, POHTMA has three reactive sites suitable for nucleophilic
substitution (1, 3, and 4) and one for elimination (2) reaction, giving rise to possible
degradation products as depicted in Figure 5.28. Resonances occurring at a chemical
shift around δ 5 ppm correspond to vinyl hydrogens formed due to Hofmann
elimination. Formation of alkyldimethylamine (4) was confirmed by the occurrence of
resonances around δ 2.25 - 2.15 ppm corresponding to the methyl and methylene
protons α to nitrogen. Methyl protons of the alkyl methyl ether (3) are observed as the
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small shoulder upfield to the resonance at around δ 3.15 ppm. The methylene protons α
to oxygen are visible at δ 4.00 - 3.90 ppm as a small triplet.
1
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Figure 5.18 1H NMR of POHTMA, Possible degradation pathways and
degradation products
BOHTMA cation has five reactive sites; in addition to those four described for
POHTMA, benzyl carbon and the relatively acidic hydrogens are also prone to
nucleophilic attack (Figure 5.19). Thus, similar to POHTMA, resonances corresponding
to formation of alkyl dimethylamine (δ 2.30 - 2.15 ppm), alkyl methyl ether (δ 3.12
ppm), and vinyl groups (δ 5.00 - 4.90 ppm), were observed. Substitution of the benzyl
carbon by a methoxide anion would form benzyl methyl ether and an alkoxide. Basicity
of alkoxides increases with increasing number of carbons. Thus, formation of an
alkoxide would generate a stronger base than methoxide, which would be
thermodynamically unfavorable. Therefore, substitution on the benzyl carbon is
presumably would not be one of the preferred degradation reaction pathways.
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Figure 5.19 1H NMR of BOHTMA, Possible degradation pathways and
degradation products
On the other hand, the two benzyl hydrogens are relatively more acidic, and can
be removed by a nucleophilic base. For example, one of the degradation mechanisms of
BTMA, the Sommelet-Hauser rearrangement, is induced by abstraction of an acidic
benzyl proton.34 The mechanism of this rearrangement reaction is schematically
described in Figure 5.20. The lone pair electrons left on the benzyl carbon are stabilized
by an ylid tautomerization. Nucleophilic aromatic substitution reaction between the
dehydrogenated methyl group and the benzene ring is followed by a 1,3-migration of
the hydrogen. As a result of the migration an ortho-methylbenzyldimethylamine is
formed.
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Figure 5.20 Sommelet-Hauser rearrangement mechanism
For BOHTMA, two singlet resonances were observed around δ 2.35 ppm. The
lack of multiplicity of these peaks indicated that these protons are isolated from the
magnetic field of adjacent nuclei and do not experience any spin-spin coupling. Possible
nuclei that can give a singlet peak at this chemical shift region are methyl protons
attached to a phenyl ring. Thus, BOHTMA might have undergone a rearrangement
similar to Sommelet-Hauser rearrangement forming a product with a methyl substituted
phenyl ring.
We propose the following mechanism for BOHTMA rearrangement (Figure
5.21): Methoxy anion removes one acidic proton from the benzyl carbon leaving a lone
pair of electrons behind. These electrons are resonance stabilized, and activate orthoand para- positions of the phenyl ring. Methyl groups on the cation center are partially
positive due to electronegativity of the nitrogen atom, and are prone to a nucleophilic
substitution by the activated phenyl ring. As a consequence of the substitution reaction,
aromaticity of the phenyl ring would be disrupted. Aromaticity is restored by 1,3migration of the ortho-hydrogen to benzyl carbon, or of para-hydrogen first to orthothen to benzyl position. This mechanism suggests that for an intra-molecular reaction to
occur, the electron deficient methyl groups should be positioned near the electron-rich
phenyl ring. Thus, an intra-molecular interaction must be occurring to keep the cation
center close to the phenyl ring.
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Figure 5.21 Proposed rearrangement mechanisms for BOHTMA
Due to synthetic challenges PHTMA was obtained with an inseparable impurity
(H(TMA)2). Therefore, the degradation NMR measurements contained resonances for
the degradation products of (H(TMA)2) cation as well (Figure 5.10). Therefore, two
sets of alkyldimethylamine (δ 2.5 – 2.0 ppm), alkyl methyl ether (δ 3.2 – 3.1 ppm), and
vinyl protons (δ 5.2 – 4.9 ppm) are observed at their corresponding chemical shift
regions. It is noteworthy to mention that the nucleophilic substitution at the benzyl
carbon is thermodynamically highly unfavorable. Therefore, the benzyl alcohol
byproduct was not observed, as confirmed by the lack of change of aromatic and benzyl
resonance before and after degradation experiments.
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Figure 5.22 1H NMR of PHTMA, Possible degradation pathways and degradation
products
Having H(TMA)2 cation as an impurity lead to an interesting and valuable
finding. For PHTMA, protons α to nitrogen (methyl and methylene) appeared at lower
resonances than α-protons of H(TMA)2. This difference of resonances suggests a
significant difference of the electomagnetic environment around the protons of
H(TMA)2 and PHTMA. In other words, PHTMA resonances being at lower chemical
shifts indicate that those protons are shielded from the electromagnetic field. The
shielding of the protons is likely enabled through the electrostatic interaction of the πelectrons of the phenyl ring with the cation center. This observation is another
indication of an intra-molecular interaction between the phenyl ring and the cation
center.
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5.3.3 Cation-π interactions and its effect on cation stability
5.3.3.1 Cation- π interactions
Non-covalent interactions of aromatics with ionic species have been recognized
and investigated for the past three decades.35–40 A phenyl group has a permanent nonuniform charge distribution around the ring due to delocalized π-orbitals. Thus, phenyl
rings are able to interact with ionic species as well as non-ionic polar compounds.
Detailed theoretical calculations for interaction energies suggested that the interaction
of the cation with the pi-cloud may also change depending on the electron withdrawing,
or donating, nature of the phenyl ring substituent.37,38
In the previous section possible degradation mechanisms of each of the three
hexyl-spacer-modified cations were discussed. Degradation products of BOHTMA, and
chemical shift differences between PHTMA and H(TMA)2 indicated the possibility of
an intra-molecular interaction between the TMA cation center and the phenyl π-cloud.
We explored the possibility of the existence of cation-π interaction in our systems by
comparing the

1

H NMR spectra of each of the phenyl-attached cations with

hexyltrimethylammonium (HTMA) cation, a non-phenyl-attached alkyl cation. Figure
5.23 represents 1H NMR spectra of HTMA, PHTMA, POHTMA, and BOHTMA
cations in methanol. A distinct difference in chemical shift is observed for hydrogens α
to nitrogen of each of the molecule. Compared to HTMA, α-methylene protons of
PHTMA and BOHTMA are shifted upfield, suggesting relatively more shielding of
these protons. Resonances of POHTMA α-methylene protons were nearly at the same
region as for HTMA. Similarly, methyl protons α to nitrogen of all three phenylattached cations experience more shielding from the electromagnetic field, as the
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corresponding resonances appear more upfield compared to HTMA methyl protons.
Moreover, shielding of these protons seems to be affected by the identity of the
substituent linking the alkyl chain to phenyl ring. Relative to HTMA, PHTMA and
BOHTMA resonances are shifted the most, while POHTMA resonance is between those
of HTMA and BOHTMA. These observations indicate that the TMA center of the
phenyl-attached cations is most likely interacting with the π-electron cloud. This
interaction provides a magnetic shield around the α-hydrogens reducing the affect of
applied electromagnetic field.
*MeOH&
O

O

N

H H
R

N

N(CH 3)3

N

N

Figure 5.23 1H NMR of BOHTMA (blue), POHTMA (green), PHTMA (red), and
HTMA (black) in MeOD under neutral pH conditions. Chemical shifts are
normalized with respect to residual methanol peak.
A control experiment was designed to confirm the interaction between the TMA
and π-cloud. Resonances of HTMA α-protons were monitored in presence of
stoichiometric amount of toluene, anisole, and benzyl methyl ether; model compounds
resembling the π-component of PHTMA, POHTMA, and BOHTMA, respectively
(Figure 5.24). The α-proton resonances were detected to experience a field effect, as it
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was evident from the shift of corresponding resonances in presence of a phenyl
impurity. These shifts were not as prominent as observed from the phenyl-attached
cations due to relatively lower local concentration of the π-cloud around the cation. The
control experiment samples were prepared at a concentration similar to those for
phenyl-attached cations. Thus, at the same concentration, phenyl attached cations have a
higher probability to interact with a π-cloud than the HTMA cations with π-impurity.
N

Br

*MeOD&

O

N

Br

N

Br

O

N

Br

Figure 5.24 1H NMR of HTMA in MeOD mixed with stoichiometric amount
benzylmethylether, anisole, and toluene compared to pure HTMA. Chemical shifts
are normalized with respect to residual methanol peak.
Equilibrium geometries and electrostatic potential surfaces of each cation were
modeled utilizing molecular modeling software Spartan 2004 (Wavefunction Inc.,
Irvine, CA) (Figure 5.25). Calculations were run at the DFT level of theory using
B3LYP in conjunction with the 6-31G* basis set. Solvent or counter ion interactions are
not considered. Each figure is color-coded to describe relatively electron rich (red) and
electron poor (blue) regions. Note that the surface of the cations has an overall positive
potential. The color-coding corresponds to a range of +30 (red) to +120 (blue) kcal/mol
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for phenyl-attached cations, and +45 (red) to +150 (blue) kcal/mol for HTMA.
Electrostatic potential surface calculations confirmed that the TMA cation center is
relatively electron deficient compared to the center of the phenyl ring, and the n-hexyl
end of HTMA. Minimum energy state conformations of PHTMA, POHTMA, and
BOHTMA predicted a folded conformation such that the TMA cation center was
positioned over the phenyl ring, suggesting that the cation is stabilized by the π-cloud.

HTMA%

PHTMA%

POHTMA%

BOHTMA%

Figure 5.25 Equilibrium conformations and electrostatic potential surfaces of
HTMA, PHTMA, POHTMA, and BOHTMA.
Similar calculations for 1-isobutyl-6-phenyl hexane, an isolobal molecule to
PHTMA, showed that the molecule likes to adopt a conformation where the isobutyl
group is positioned away from the center of its phenyl ring (Figure 5.26). Note that here
the nitrogen atom is replaced by a carbon and, therefore, the molecule is neutral. The πcloud electrons are localized above and below the phenyl ring. However, the alkyl tail
has a more homogenous electron cloud distribution, and does not carry a permanent
charge. Thus, the potential difference between the two ends of the molecule is likely not
significant enough to induce a stable interaction between the aromatic ring and the tail.
These results match with experimental observations and confirm the possibility of intramolecular cation-π interactions of the phenyl-attached cations.
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Figure 5.26 Equilibrium conformation and electrostatic potential surface of
1-isobutyl-6-phenyl hexane. (-20 (red) to +15 (blue) kcal/mol)
Improved stability of n-alkyl substituted TMAs is hypothesized to be associated
with stereochemistry and steric hindrance.12 Quantum calculations of various transition
states of n-alkyl substituted TMAs showed that the energy barrier for Hofmann
elimination is lower when β-hydrogen is aligned antiperiplanar to the TMA leaving
group, i.e. anti-elimination (Figure 5.27).12 While syn-elimination is still a possibility,
its energy barrier was found to be higher than anti-elimination due to steric hindrance
around the β-hydrogen and unfavorable molecular orbital alignment. Dihedral angle
between N-Cα-Cβ-Hβ1 (or Hβ2) for HTMA, PHTMA, POHTMA, and BOHTMA cations
at their equilibrium geometry states were determined as +46.65o (+158.32o), -57.58o
(+61.02o), -55.96o (+63.38o), and -65.98o (+54.04o), respectively. Thus, at their
equilibrium conformation, both β-hydrogens of the phenyl-attached cations are syn- to
TMA group, confirming that their conformation might not be favorable for Hofmann
elimination. One of the β-hydrogens of HTMA is antiperiplanar to TMA group,
however, there is still a lack of co-planarity (180o dihedral). This conformation
difference between HTMA and the phenyl-attached cations indicate that the cation- π
interaction might be stabilizing the stereochemistry by locking the dihedral angle
between the β-hydrogens and the TMA group into a non-antiperiplanar conformation.
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Figure 5.27 Newman projection of N-Cα-Cβ-Hβ1 bond
While the DFT calculations suggest that the phenyl-attached cations should be
resistant to Hofmann elimination, 1H NMR results showed distinct vinyl peaks for all
three cations. For these calculations solvent and/or counter ion interactions were not
taken into account. All calculations were performed for molecules in vacuum at room
temperature. Thus, it is possible for the cations to adopt other conformations that are
more suitable for Hofmann elimination depending on solvation of the cations and the
temperature.

5.3.3.2 Effect of cation-π interactions on alkaline stability
Intra-molecular cation-π interaction of the phenyl-attached cations was
confirmed with experimental data and theoretical calculations. The findings suggested
that the lack of antiparaplanarity of the leaving groups might be a cause for improved
stability of the phenyl-attached cations. If this were true, HTMA - the cation without a
tethered phenyl group - should be less stable under alkaline conditions. Therefore,
alkaline stability of HTMA cation was measured under similar conditions as for the
phenyl-attached cations. Previous reports have determined significantly higher stability
of HTMA than BTMA.22 We observed that HTMA cations were not only more stable
than BTMA, but also exhibited stabilities as high as PHTMA with a half-life around
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200 days (Figure 5.28). Moreover, the 1H NMR spectra of HTMA did not exhibit vinyl
resonances, suggesting that minimal or no Hofmann elimination occurred (Figure 5.29)

Figure 5.28 Alkaline stabilities of PHTMA, HTMA, and BTMA
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Figure 5.29 1H NMR of HTMA, possible degradation pathways and degradation
products
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These findings point out that cation-π interaction, and thus its effect on
stereochemistry, might not be the reason for the high alkaline stability of phenylattached cations. In fact, cation-π interaction might be restricting the degree of freedom
of phenyl-attached cations making the β-hydrogens more available (Figure 5.25).
Therefore, cation stability might be more dependent on steric hindrance and inability of
the nucleophile to approach the β-hydrogens.

5.3.4 Alkaline stabilities of homopolymers with and without π -clouds
5.3.4.1 Synthesis and alkaline stabilities of styrenic homopolymer cations
As a next step to our investigation styrenic monomers were designed to
incorporate the alkaline stable phenyl-attached cations onto a polymer structure (Figure
5.30). With a similar strategy to the syntheses of phenyl-attached small molecule
cations, 4-vinyl substituted precursor monomers were synthesized; 4-vinyl phenylhexyl
TMA (vPHTMA), 4-vinyl phenyloxyhexyl TMA (vPOHTMA), and 4-vinyl
benzyloxyhexylbromide (vBOHBr). Monomers were subsequently polymerized via free
radical polymerization to obtain the corresponding homopolymers p(PHTMA),
p(POHTMA), and p(BOHBr). Subsequently, p(BOHBr) was quaternized to obtain the
quaternized homopolymer p(BOHTMA).
Similar to the small molecule cations, degradation rates of homopolymers were
determined utilizing 1H NMR and monitoring the amount of residual TMA cation over
a 14-day period (Figure 5.31). Half-lives of p(PHTMA), p(POHTMA), and
p(BOHTMA) were determined as 95, 190, and 153 days, respectively, and 8 days for

186	
  

p(BTMA). Similar to the small molecule study, the hexyl-tethered ammonium cations
were more stable than the P(BTMA) homopolymer.

1) AIBN, 60oC, 24h
2) N(CH 3)3 (aq.), 60oC
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Figure 5.30 Styrenic monomers and their polymers with alkyl tethered ammonium
cations

Figure 5.31 Alkaline stability of styrenic polycations

Homopolymers were observed to have faster degradation rates than their small
molecule analogs, as observed from their relatively shorter half-lives. A similar
observation was reported for other systems where BTMA small molecule was more
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stable than when it was attached to a polymer backbone.5 There are two potential
reasons that might lead to a faster degradation rate of the polymeric ammonium cations:
i) Due to hydrophobic character of the polymer backbone each cation center may be
surrounded with fewer number of water molecules compared to the small molecule
cations. Therefore, the local hydroxide (or methoxide) concentration, and thus the
chemical activity, would increase ii) Homopolymer cations are essentially positively
charged polyelectrolytes. At high ion concentration, i.e. ionic strength, counter ions may
condense on the polyelectrolyte, causing the polymer to collapse into a coil. For
instance, a 2M KOD solution has an ionic strength of 2. Again, due to reduced
hydration of individual cations, and reduced dissociation of the counter ion would
induce greater chemical activity of methoxide, and thus accelerate degradation. Marino
and Kreuer noted a decreased alkaline stability of alkyl TMA small molecule cations
when the alkyl chain was longer than six carbons.22 They explained this increased
degradation rate with increasing micelle formation tendency of the cations with
increasing alkyl chain length, and thus counter ion condensation and increased local
hydroxide concentration. These hypotheses require a detailed study: the degradation
profile of the homopolymers should be monitored below and above the critical salt
concentration for rod-coil transition. Similarly, stability of small molecule cations
should be investigated below and above their critical micelle concentration.
Fast degradation of the homopolymers revealed other critical information:
homopolymers of the ether tethered cations, p(POHTMA) and p(BOHTMA), were
chemically more stable than p(PHTMA). This finding shows that ether functionality
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does not have a negative effect on cation stability, and thus provides an easier synthetic
route for obtaining alkyl-tethered cations.

5.3.4.2 Synthesis and alkaline stabilities of non-styrenic homopolymer cations
Our systematic study on phenyl-attached hexyltrimethylammonium (HTMA)
cations, their styrenic analogues, and homopolymers, proved their excellent chemical
stability under alkaline conditions, making them promising candidates for next
generation membrane materials. However, styrenic polymers tend to be brittle due to
their high Tg that is usually above the operation temperature of ion-conducting
membranes. Moreover, having an ionic character generally increases brittleness of the
polymer, providing undesirable mechanical properties for a membrane. Therefore,
styrenic monomers are usually copolymerized with comonomers, such as isoprene41–43,
butadiene,43 ethylene,44 or hexyl methacrylate,45 that lower the Tg providing flexibility
to the material at the desired operation temperature. However, polymerization
conditions of some of these monomers are not suitable for copolymerizing with
functionalized styrenic monomers (e.g. anionic polymerization), or the comonomers are
not ideal for applications under alkaline conditions due to susceptibility for degradation.
Small molecule degradation measurements revealed that HTMA still exhibited
high alkaline stability when it was not attached to a phenyl ring. This finding suggests
that a π-cloud might not be necessary to improve cation-stability, and promises the
possibility of designing less-brittle polymer backbones, such as polynorbornene (Tg
~35-40oC), decorated with stable ammonium cations.
With this purpose in mind, we designed three norbornenyl monomers (Figure
5.32). Design of the monomers was tailored to decipher the effect of alkyl chain length,
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π-cloud, and steric hindrance on alkaline stability. To distinguish the effect of the πcloud on stability two monomers were designed: norbornene with an alkyl tether linked
Br
through an ether- (NBPHBr) or a phenyl-link (NBHBr).
A third norbornenyl monomer,
O

bromomethyl norbornene (NBMBr), was designed to understand the effect of alkyl
chain length and steric hindrance on alkaline stability. Br
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Figure 5.32 Norbornene based monomers and their quaternized homopolymers
n
n
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Homopolymers
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via ring-opening metathesis polymerization
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(ROMP) of the monomers, and were subsequently quaternized. Alkaline stability of the
homopolymers was measured under similar conditions utilized for the styrenic
N+

N+

homopolymer cations. Degradation results were compared with the degradation rate of
p(BTMA) and p(POHTMA) as a reference (Figure 5.33). The half-lives of the polymers
with alkyl-tethered cations p(NBHTMA) and p(NBPHTMA) were determined as 26
days and 22 days, respectively. The ether linked p(NBHTMA) had a comparable
alkaline stability to phenyl linked p(NBPHTMA), if not slightly better, suggesting that
the cation-π interaction has minimal or no influence on ammonium cation stability. This
finding matched with our previous observation from the degradation measurements of
small molecule cations PHTMA and HTMA.
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Figure 5.33 Alkaline stability of polynorbornenyl homopolymer cations
The alkyl-tethered cations were still more stable than p(BTMA). However, both
p(NBHTMA) and p(NBPHTMA) were surprisingly less stable than the phenyl-tethered
styrenic polycation p(POHTMA). At this point, it is not clear why alkyl-tethered
styrenic homopolymer cations are more stable than those of polynorbornenyl
homopolymer cations. Note that polynorbornene consists of an unsaturated backbone.
Thus, their comparably weaker stability might be associated with polymer backbone
degradation. However, as we will discuss later more in detail, p(NBMTMA) performed
significantly better under similar conditions ruling out the backbone stability to be the
major cause of degradation. Moreover, in this work the stability was determined by
monitoring the NMR resonances of the protons α to nitrogen, and not the polymer
backbone protons. Therefore these measurement results are not a direct evidence of
backbone degradation, or its effect on cation stability. Another difference between the
polynorbornenyl and polystyrenic cations is the distance of the cation center from the
polymer backbone and from each other. Note that the distance from the polynorbornene
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backbone is slightly farther away (by two carbons) than that of polystyrene. Also, a
styrenic repeat unit consists of two carbon atoms on the backbone, while a
polynorbornene repeat unit is on average 4-5 carbons long. These differences might
influence the sidechain flexibility, the stereochemistry, or steric availability of the
cation, and therefore the stability behavior.
Alkaline stability of p(NBMTMA) (t1/2=122 days) was found to be five to six
times higher than p(NBHTMA) or p(NBPHTMA) while it was similar to p(POHTMA).
The high chemical stability of p(NBMTMA) is likely due to the steric hindrance around
the β-hydrogen and the methyl- and methylene carbons α to nitrogen. Thus Hofmann
elimination and nucleophilic substitution reactions might be mitigated. The three most
likely degradation sites and degradation products are depicted in Figure 5.34.
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Figure 5.34 Possible degradation sites and degradation products of p(NBMTMA)
Previous studies explained the improved stability of n-alkyl substituted TMAs
with lack of antiperiplanarity between the leaving groups (β-hydrogen and TMA) and
with steric hindrance around the reactive sites.12 In this particular case the leaving
groups are attached directly to a cyclopentyl ring. It should also be noted that the
norbornenyl monomers are a racemic-mixture of exo- and endo- conformations.
Moreover each molecule has three chiral carbon centers. Thus, eight different
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conformations are possible upon ring-opening during polymerization, and therefore the
steric crowding around the reactive centers depends on the final conformation.
Nevertheless, the leaving groups can still be aligned antiplanar. Elimination of the βhydrogen, and thus formation of a double bond, requires the β-carbon to rehybridize
from sp3 to sp2 that is presumably unfavorable due to ring strain (Figure 5.35). Thus,
combined with steric hindrance, the molecular conformation is likely responsible of the
unexpected high alkaline stability of p(NBMTMA) and makes this polymer an excellent
candidate for alkaline stable membrane fabrication.
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Figure 5.35 A representation of Hoffman elimination mechanism of one
p(NBMTMA) unit

5.3.5 Other important findings
Over the course of the degradation experiments, some slight shift of the peaks of
the samples, as well as water residual peaks, upfield was detected. Figure 5.36 shows
the overlayed 1H NMR spectra of BTMA under 2M KOD over 35 days and Figure 5.37
shows the NMR spectra of the degradation solution for the same time frame as a
control. With respect to the chemical shift of 1,4-dioxane, all resonances corresponding
to BTMA shifted upfield. During the control measurements shift of residual water peak
was observed. Moreover, formation of compounds with highly shielded protons, as
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determined from peaks emerging at around δ 0.1 ppm, suggested formation of
organosilicates, likely due to etching of glass under alkaline conditions. These findings
indicated that etching of the glass is likely changing the overall concentration of
alkaline anions causing a change of pH overtime. This change is likely the reason for
the shift of NMR resonances, and similar observations were reported by others.5,18,11
It is accepted in the AEM community that there are many other factors in
addition to the reaction flask material that influence degradation rate of cations: cation
and alkaline concentration, choice of solvent, degree of solvation, temperature, identity
of the counter ion or the internal standard, and even measurement technique utilized
may influence the absolute value of degradation rate.11,46 Therefore, degradation rate
measurements are difficult to standardize, and a broad variation of half-lives were
reported for BTMA stability, ranging from 30 minutes to 4 years.11

Figure 5.36 1H NMR spectra of BTMA over 35 days under 2M KOD
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Figure 5.37 1H NMR spectra the pure degradation solution as a control
measurement

One other parameter is the effect of atmospheric CO2. Atmospheric CO2 will
react with the hydroxide ions of the degradation solvent and form carbonate and
bicarbonate anions causing an overall reduction of alkaline activity. To test the effect of
atmospheric CO2 on alkaline stability measurements, we prepared samples using two
different sets of NMR tubes: First set of tubes were flame sealed immediately after
being charged with sample solution, while the second set of tubes was covered with a
cap and surrounded with a Parafilm layer. Degradation rates of p(BTMA) samples were
monitored. The difference between flame sealed and non-flame sealed tube samples was
not significant (Figure 5.38). Thus, there seemed to be no advantage of having the NMR
tube sealed under these specific reaction conditions.
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Figure 5.38 Degradation rates of p(BTMA) samples in sealed (red circles) and nonsealed (black squares) NMR tube. Data points are average of three separate
readings.

5.4

Summary and Future Directions
In this chapter we demonstrated a systematic study on alkyltrimethylammonium

cations (aTMAs) to understand the underlying reasons that improve their alkaline
stability. We started our discussion by analyzing the stability of phenyl-attached
hexylTMAs Three cations were designed attaching the HTMA tail to the phenyl ring
through three different linker chemistries; carbon-carbon (PHTMA), phenylether
(POHTMA) or benzylether (BOHTMA) bonds. Alkaline stability experiments showed
that all three cations were significantly more stable compared to the benchmark BTMA
cation. Moreover, stabilities of the cations were not influenced by the existence of an
ether link, enabling easier synthesis routs for obtaining spacer-modified cation designs.
Analogous styrenic monomers and their styrenic polymers were designed. The
homopolymers showed similar results to the small molecule cations, where p(BTMA)
was less stable compared to the p(PHTMA), p(POHTMA), and p(BOHTMA).
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Excellent chemical stability of these phenyl-attached cations was found to be
associated to their molecular conformation that was not favorable to undergo Hofmann
elimination. Computational models of these cations suggested an intra-molecular
cation-π interaction between the cation center and the electron cloud of the phenyl ring,
allowing the cations to adopt a conformation that reduces the possibility of undergoing
Hofmann elimination. The existence of this cation-π interaction was confirmed with
experiments on model compounds.
Surprisingly, no correlation was found between the cation-π interaction and
alkaline stability of the phenyl-attached cations. The non-phenyl attached cation HTMA
exhibited similar alkaline stability to the phenyl-attached ones. This finding encouraged
us to explore non-styrenic monomers as precursors for polymers decorated with stable
ammonium cations. Three norbornenyl monomers were designed. Two of those had a
hexyl spacer attached to the cyclic olefin either through a phenyl or an ether link. The
third monomer had only a methyl spacer between the ammonium cation and the cyclic
olefin. The homopolymers of these molecules revealed that the π-cloud did not
influence the alkaline stability, confirming the small molecule stability results.
However, spacer modified polynorbornenes were found to be much less stable than the
spacer-modified polystyrenes, while polynorbornene with a methyl spacer was
significantly alkaline stable. These findings clearly showed that cation stability is
presumably affected by the steric hindrance, rather than the cation-π interaction.
As a continuation of these findings, this study should be extended to membrane
fabrication and characterization utilizing the NBMBr monomer. As discussed before,
copolymers containing BTMA cation tend to be brittle with increasing BTMA
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concentration, due to high Tg of styrene, and added electrostatic interactions, thus salt
character, of the polymer. Polynorbornene is a material that is often used as damping
insulation material due to its elastomeric properties. Thus, polynorbornene backbone is
an excellent candidate to form mechanically stable membranes, and already has been
used in several relevant studies.19,21 A similar monomer design to NBMBr was reported
by Coates et al.21 (Figure 5.39). The main difference of this monomer from NBMBr is
that the β-carbon is blocked with a methyl group, thus there is no β-hydrogen, with the
emphasis to avoid Hofmann elimination. Interesting enough, alkaline stability of the
membranes obtained utilizing this cation was not reported. Synthesis of NBMBr is
comparably easier; it requires only one synthetic step from which the monomer can be
obtained in large quantities with high yield. Purification of the monomer is relatively
easy, requiring only a distillation step. Moreover, extreme high stability of its
quaternized homopolymer makes this monomer an excellent candidate for membrane
fabrication. Thus, designing membranes containing NBMTMA, and performing
detailed structure-property relationship studies would be a significant contribution to the
advancement of AEM research and development. For this purpose first copolymers of
NBMBr with compatible monomers should be studied; such as norbornene,
cyclooctene, cyclopentadiene.

Br
NBMBr

N
+
Coates et al.

Figure 5.39 Norbornene based monomer designs for alkali stable cations.21
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At this point it is not clear why spacer-modified polynorbornene cations were
less stable than the spacer modified polystyrene cations. We have shown that the cationπ interaction was not the reason for high alkaline stability, but likely the stereochemistry
of and the steric hindrance around the reactive sites. Therefore, a possible explanation
for the stability difference could be related to side chain flexibility. First, the distance of
the cation center from the polymer backbone is slightly different for polynorbornene
and polystyrene systems. Second, the size of the repeat unit, and thus the distance
between each cation, is larger for polynorbornene. These differences may change the
degree of freedom, steric hindrance, and the probability of conformations of the alkyl
side chains. To test these hypotheses alkaline stability should be measured 1) for a
series of a homopolymer with varying spacer length 2) and for a series of material with
fixed side chain length but varying distance between the cations along the polymer. For
the latter experiment materials may be designed by copolymerizing the monomer with
the cation precursor with a compatible monomer (e.g. POHBr with styrene, or VBCl
with styrene) to increase the average distance between the cationic units. However,
solubility of the copolymers might change with changing copolymer composition,
adding a level of complexity to the experiment. In that case, alternative approaches may
be considered for measuring alkaline stability, such as volumetric titration.6
Another way to design materials for this experiment would be preparing
homopolymer cations utilizing polymers with repeat units of different size. For
example, the two other commonly used polymer backbones for AEMs are
poly(phenylene oxide), polysulfone, and other poly(arylene ethers). These polymers are
usually functionalized through selective bromination47,48 and chloromethylation,49,50
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respectively, followed by quaternization. It would also be relatively easy to
functionalize these backbones with hexyl tethered TMAs, especially utilizing phenyl or
benzylether links.29 This would be an interesting comparison to degradation of
polystyrene hexyl tethered cations. However, it should be noted that the different
chemistries of polymer backbones may also influence the overall stability of the
degradation, as pointed out by Arges et al.6
We observed that the polymers were less stable than their small molecule
analogues. Other reports associated induced degradation rate of polymers to increased
local hydroxide concentration, and thus increased hydroxide activity, due to reduced
dissociation of the counter ions.22 Kreuer and Marino addressed this issue by
performing degradation experiments on BTMA in a glycerol/water mixed solvent and
controlled the hydration value by controlling the solvent concentration.22 Their findings
showed that weak hydration, and thus increased activity of hydroxide ion, induced
degradation rate.
There are two other experiments that could test this hypothesis. It is known that
the critical micelle concentration decreases with increasing alkyl chain length of
surfactants,51 or the molecular weight of polyelectrolytes.52 Therefore, first the critical
salt concentration, or the ionic strength, for rod-coil transition of the polymer to be
tested should be determined. Degradation experiments should be run above, and below
this critical concentration. For these two conditions to be comparable, the hydroxide
concentration should be kept constant, while the salt concentration should be controlled
by addition of an inert salt. As a control, the same experiment can be performed
utilizing small molecule cations. Similarly, degradation experiments may be run at a salt
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concentration above, and below the critical micelle concentration of the small molecule
cation, while the overall hydroxide concentration is kept constant.
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CHAPTER 6
CONCLUSIONS AND FUTURE OUTLOOK
The findings of this dissertation contribute to further understanding of design
requirements for preparation of nearly ideal AEMs. With the aid of rational polymer
and monomer designs, the relationship between polymer morphology and ion
conductivity, and molecular structure and ammonium cation stability, has been
elucidated. There are a few take home messages that should be considered as a starting
point for future investigations. These can be summarized under two main topics:

6.1

Connectivity vs. Conductivity
Previous studies on ion conducting polymer membranes emphasized the effect

of domain connectivity on ion conductivity.1–4 Detailed structure-morphology-property
relationship studies have generally been performed on polymers with well-defined
morphologies. In this dissertation connectivity of ionic domains were studied
systematically for three different macromolecular architectures; random copolymers
with weakly phase-segregated morphologies, graft copolymers with strong phasesegregated disordered morphologies, and pentablock copolymers with strong phasesegregated ordered morphologies. Regardless of the polymer architecture, lack of
connectivity mitigated efficient ion conductivity. Moreover, not only ionic domain
connectivity, but also non-ionic domain connectivity was found to be important to
maintain mechanical robustness. Figure 6.1 represents a collection of all the ion
conductivity data gathered from the membranes of this study (at 60 oC and 95% RH)
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with respect to their ion exchange capacities (IECs). This graph may be analyzed for
three IEC regions.
Membranes with IECs below 1 mmol/g fall into Region I, which includes all the
pentablock copolymers and the low IEC membranes of the cross-linked random
copolymers. The most significant observation is the distribution of conductivity data
over a broad range. The conductivity difference between the lowest and the highest
conducting membranes was found to be nearly four orders of magnitudes. Most of the
cross-linked membranes, and the lowest IEC pentablock exhibited ion conductivities in
a similar range (2 < σ <6 mS/cm). The conductivities of the two remaining pentablock
copolymers were around 20 to 30 mS/cm, respectively, exhibiting five to ten times
larger values than the random copolymers at an equivalent IEC. Note that the
pentablock copolymers have bromide as the counter ion. It has been shown that bromide
conductivity of a membrane would be lower than its chloride conductivity due to lower
dissociation constant of bromide, and thus lower ion concentration.5 Therefore, this
significant conductivity difference is clearly due to the strong phase-segregated
morphology of pentablock copolymers forming a connected ionic network. Although
random copolymers did not form as well-defined morphologies as the pentablock
copolymers, a close relationship was also found between the average distance and
connectivity of ion clusters, and thus conductivity behavior. Sufficient conductivities
were achieved when the d-spacing between the clusters was 5 nm or less.
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Region'II'

Region'III'

Figure 6.1 Conductivity data of random, graft, and pentablock copolymer
membranes at 60oC and 95 % relative humidity as a function of ion exchange
capacity
Region II includes membranes with IECs between 1.0 mmol/g and 2.4 mmol/g,
with conductivity data ranging from 6 mS/cm to 40 mS/cm. Regardless of the material
type, a monotonic increase of conductivity is observed with increasing IEC. At IEC 1.6
mmol/g, both random and graft copolymer membranes exhibited conductivity values
around 10 – 20 mS/cm. However, as discussed in Chapter 2, random copolymer
membranes suffered from excessive swelling at IECs above 1.6 mmol/g due to reduced
cross-link density. On the other hand, graft copolymers exhibited superior water
management at equivalent IECs, i.e. at similar hydrophobic backbone to hydrophilic
cation ratio. The phase-separated morphology of graft copolymers formed large ionic
domains dispersed in a more defined hydrophobic network that provided physical crosslinking, underscoring the significance of non-ionic domain connectivity. The
connectivity of the domains was tuned by adjusting the graft length and graft density.
For example at IEC around 2 mmol/g the graft copolymer with better ionic domain
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connectivity showed two to three times higher conductivities compared to the random
copolymers or the graft copolymers with equivalent IEC but less connected ionic
domains.
The highest conductivities of these studies were collected in Region III at the
IEC range above 2.4 mmol/g. Chloride ion conductivities as high as 55 mS/cm were
measured, which, to our knowledge, is the highest chloride conductivity reported in
AEM literature. At this high IEC the membranes still absorbed a low amount of water.
However, due to formation of large ionic domains dimensional swelling of the graft
copolymer membranes were non-negligible.
In summary, the highest conducting membranes were the graft and the
pentablock copolymer membranes, highlighting the necessity of connectivity of ionic
domains for efficient ion transport, regardless of IEC. However, control over
dimensional stability still remains as a challenge. The pentablock copolymers absorbed
significantly less water than the graft copolymers due to their lower IEC, and
maintained sufficient mechanical robustness. Their comparably high ion conductivities
at low IECs suggest that the ionic domain connectivity is achieved at lower ion
concentrations than the graft copolymers. However, due to synthetic challenges during
the midblock bromination reaction, reaching higher IECs, and therefore higher
conductivities, was not possible. On the other hand, graft copolymer composition and
architecture may be tuned by adjusting the comonomer ratio, allowing better control
over IEC as well as domain connectivity.
Graft copolymers promise a useful platform for highly ion conducting
membranes. One of the important findings of the graft copolymer study was that at a
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constant IEC, increasing graft density did not increase water uptake. For example
QPCOE 4-12 and QPCOE 8-7 had similar IECs and hydration values. However,
QPCOE 4-12 conductivity was two to three times higher, likely due to better
connectivity of the ionic domains, suggesting that a percolation limit was reached at a
graft length between 7-12 units per graft chain. Another interesting observation is that at
a fixed graft length below the percolation limit, increasing graft density did not seem to
influence the ion conductivity significantly, as observed from similar conductivity
values of QPCOE 4-7 and QPCOE 8-7 (note the IECs of these materials are different).
Thus, it is still a remaining question if a percolation threshold would be reached at a
higher graft density while keeping the graft length at this shorter limit. Therefore, a
systematic study should be performed on the effect of graft density on materials with
graft lengths below their percolation limit.
It should be kept in mind that increasing graft density at a constant graft length
will increase the IEC, and thus water uptake. However, TEM and SAXS analyses
suggested that the graft length influenced domain size, while graft density influenced
the domain spacing (Figure 6.2). Thus, due to short length of the grafts the ionic domain
size will be relatively small, and will provide a controlled water uptake profile due to
confined domain size. With increasing graft density, i.e. decreasing distance between
the grafts, the domain distance will decrease, and connectivity of ionic domains will
eventually be achieved at a critical graft density. A good starting composition would be
designing polycyclooctene based graft copolymers with 10-12% graft density with a
graft length below 12 repeat units.
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Figure 6.2 Schematic description of the effect of graft length and graft density on
polymer morphology. The graft length controls the domain size, such that larger
domains are observed with longer grafts. The graft density controls the number of
domains, and therefore the average distance between the domains.
A good comparison study would be designing graft copolymers with graft
lengths above their percolation limit, while decreasing their graft density, i.e. increasing
the distance between the grafts. For example, it would be interesting to measure the
membrane properties of QPCOE 1-X and QPCOE 2-X, where, on average, one to two
long graft chains (x = 10-20 units) are attached to a hydrophobic backbone. This way, a
non-ionic backbone and the ionic graft chains would each form large domains.
Therefore, the effect of domain size on connectivity, ion conductivity, and water uptake
would be better resolved. Due to increased connectivity of the hydrophobic domain,
PCOE backbone will presumably form a semicrystalline matrix reinforcing the
hydrophobic network and improving the mechanical integrity of the membranes.
Similar graft copolymers with polynorbornene backbone can be designed and compared
to decipher the effect of semicrystallinity on membrane morphology and properties. It
should be kept in mind that the ultimate goal is to form membranes with good

210	
  

dimensional stability. Therefore, all relevant findings should be used as a guide to
optimize material design for highly conducting robust membranes.

6.2

Steric Hindrance vs. Ammonium Cation Stability
In this dissertation a systematic study was performed to understand the alkaline

stability of spacer modified alkyltrimethylammonium cations. Small molecules were
designed, where the hexyltrimethylammonium (HTMA) cation was attached to a phenyl
ring by direct carbon-carbon (PHTMA), phenylether (POHTMA), or benzylether
connections
demonstrated

(BOHTMA)
the

(Figure

improved

6.3).

stability

Small
with

molecule
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to
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studies

conventional

benzyltrimethylammonium (BTMA) cation. Detailed analysis of the degradation data
resulted in two important findings:
•

The chemistry of the linker connecting the alkyl chain to the phenyl link
did not affect the stability. Phenylether- and benzylether-attached
ammonium cations exhibited similar and higher stabilities than phenylattached spacer modified cation. This observation renders phenylattached alkyltrimethylammonium cations more accessible, since the
synthesis of ether-linked cations are relatively easier.

•

Degradation profiles of non-phenyl-attached HTMA cation revealed
similar stabilities to the phenyl-attached cations suggesting that the intramolecular cation-π interactions were not contributing to their stability.

•

The improved alkaline stability of the spacer modified ammonium
cations is likely a consequence of steric hindrance around the β
hydrogen, reducing their susceptibility to Hofmann elimination.
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Figure 6.3 Phenyl-attached and non-phenyl-attached HTMA cation alkaline
stability
The Hofmann elimination reaction and its mechanism has been known for
decades, however, the limitations of it have been investigated from the perspective of
efficiency to form olefins, i.e. its alkaline instability. The main emphasis was given to
understanding the parameters affecting the double bond formation, and its orientation
that follows an anti-Zaitsev’s rule.6–8 Thus, the alkaline stability and the effect of steric
hindrance on Hofmann elimination is not unknown. Efficiency of β hydrogen
elimination with respect to steric hindrance around the leaving groups has been studied
in 1957 by Moore et al..8 The findings of this study suggested a decrease of elimination
efficiency, i.e. improved alkaline stability, with increasing alkyl chain length and
bulkiness around the β hydrogen. Figure 6.4 summarizes their findings and suggests, for
example, that an n-butyl or an n-decyl group was more stable than ethyl or t-butyl
group.
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Figure 6.4 Hofmann elimination susceptibility of alkyl groups with respect to ethyl
group. The numbers indicate the R-olefins per 100 parts of ethylene, normalized
by the number of β hydrogens.
Note that phenylethyl group was significantly more susceptible to Hofmann
elimination regardless of the bulky phenyl group, which was explained with the
increased conjugation favoring formation of styrene.8 Although the BTMA cation
cannot undergo Hofmann elimination due to its lack of β hydrogen, its low alkaline
stability with respect to phenyl-attached HTMA cations might as well be explained by
the electron withdrawing effect of the phenyl ring, as well as the electron deficient
cation center, rendering the benzyl hydrogens more acidic than the β hydrogens on a
linear alkyl chain. Moreover, relatively high stability of BOHTMA can also be
explained by relatively low acidity of its benzyl hydrogens compared to those of
BTMA. Thus, the stability of phenyl-attached cations are improved both by the
increased steric hindrance around the β hydrogens, as well as by separating the cation
center sufficiently far away from the electron withdrawing phenyl ring.
Using this knowledge of the effect of steric hindrance on alkaline stability,
styrenic and non-styrenic monomers, and their homopolymers, were synthesized to
study ammonium cation stability when attached onto a polymer backbone. Styrenic
homopolymer cations followed a similar behavior to their small molecule analogs,
exhibiting improved stability compared to poly(vinyl benzyltrimethylammonium)
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p(BTMA) homopolymer (Figure 6.5). However, an opposite trend was observed for
non-styrenic homopolymers. The hexyl-spacer-modified polynorbornenyl homopolymer
cations p(NBHTMA) and p(NBPHTMA) were not only less stable than the cation with
a methyl spacer p(NBMTMA), but also less stable that the spacer-modified styrenic
homopolymer cations. While the stability of p(NBMTMA) was explained with steric
hindrance, as well as ring strain, it is still not clear why p(NBHTMA) and
p(NBPHTMA) are less stable than the spacer modified styrenic polymers. Moreover,
homopolymer cation stabilities were found to be significantly lower than their small
molecule analogs under similar degradation conditions.
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Figure 6.5 Degradation of styrenic and non-styrenic homopolymer cations under
2M KOH at 80 oC. The data is represented as % remaining ammonium cation. The
arrows show the direction of increased alkaline stability.
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Thus, while the effect of steric hindrance is well understood for alkaline stability
of small molecule ammonium cations, the factors affecting the limits of stability of
polymeric ammonium cations remains an open question. If the answer is related to
steric hindrance, then there are a few possible hypotheses that will lead to further
experiments as a continuation of this dissertation:
Non-styrenic

homopolymer

cations

are

synthesized

from

norbornenyl

monomers. The styrene repeat unit consists of two carbon atoms per unit, while
polynorbornene repeat unit occupies a space that is 4 to 5 carbons long. Thus, the
average distance between the cations along the backbone is presumably smaller for
polystyrenic cations. Due to this shorter distance, the vicinity of the ammonium cation
might be more sterically hindered than the cations attached to polynorbornene.
Moreover, the hexyl side chains might be extended to balance the electrostatic repulsion
between the cation centers, disrupting the anti-paraplanarity of the leaving groups that is
known to be required for Hofmann elimination.
One possible set of experiments is a systematic degradation study on
copolymers of the spacer-modified styrenes with styrene. By tuning the comonomer
ratio the average composition of the copolymer, and therefore the average distance
between cation centers, may be altered. However, it should be kept in mind that the
solubility of the copolymer cations in the degradation solution may depend on the
comonomer ratio. A good starting monomer for this study would be vinyl phenyl-(nbromohexyl)ether, since its synthesis is the most convenient and easily scalable.
Preliminary efforts also showed that it copolymerizes with styrene.
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The comparably lower stability of the homopolymer cations than the small
molecule cation analogs was also reported in other publications.9,10 A possible
explanation of this accelerated degradation might be related to increased activity of the
hydroxide ions due to counter ion condensation, thus increased local ion concentration,
at the high ionic strength of strong alkaline (2M KOH) environment. As a continuation
of this work, a systematic study should be designed to decipher the effect of counter ion
condensation on alkaline stability of the homopolymer cations.
Polyelectrolytes adopt a random coil conformation at high ionic strengths, and
expand with decreasing ionic strength, due to increased dissociation of counter ions and,
therefore, repulsion of the covalently bound ions along the polymer backbone. The salt
concentration where this rod-coil transition occurs can be experimentally estimated
utilizing dynamic and static light scattering methods. A good model compound for this
study is p(BTMA), due to it ease of synthesis with controlled molecular weight, which
is important to minimize the errors that may arise due to molecular weight related
diffusion constant variations. Once the critical ionic strength is determined, the ionic
strength of the degradation solution can be adjusted to be below this critical value. By
systematic addition of an inert salt, such as potassium chloride, the ionic strength should
be gradually increased above the critical ionic strength, while keeping the hydroxide (or
alkoxide) ion concentration constant. Subsequently, the degradation profiles of the
homopolymer cation under different ionic strengths could be studied. It should be noted
that the ionic strength affects the activity coefficient of dissociated ions.11 Thus, even
though the hydroxide concentration is kept constant, the activity of the nucleophile/base

216	
  

may be different at different ionic strengths. Therefore, one should take possible errors
into consideration, and should apply corrections, if necessary.

6.3
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APPENDIX
NMR SPECTRA OF PHENYL-ATTACHED AND NON-PHENYL-ATTACHED
SMALL MOLECULE AND POLYMER AMMONIUM CATIONS
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H and 13C NMR Spectra of PHTMA (M 5.2)
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H and 13C NMR Spectra of POHBr (M 5.3)
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H and 13C NMR Spectra of POHTMA (M 5.4)
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H and 13C NMR Spectra of BOHOH (M 5.5)
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H and 13C NMR Spectra of BOHBr (M 5.6)

	
  
a"
b"

a"
b"

O

c"

d"

e"

f+g"

d"

f"

g"
c"

e"

*CH2Cl2"

Br

	
  
	
  

a"

c"d"

b"

a"
b"

O

e" f"

g"

d"

f"

g"
c"

e"
Br

*CH2Cl2"

	
  
	
  

223	
  

1

H and 13C NMR Spectra of BOHTMA (M 5.7)
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1

H and 13C NMR Spectra of 4-vinyl benzylhexylbromide (vPHBr) (M 5.8)
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H spectrum of 4-vinyl benzylhexyl trimethylammonium bromide (vPHTMA) (M
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H and 13C NMR Spectra of 4-vinyl phenol (vPOH) (M 5.10)
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H and 13C NMR Spectra of phenyloxyhexylbromide (vPOHBr) (M 5.11)
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H NMR spectrum of 4-vinyl phenyloxyhexylTMA (vPOHTMA) (M 5.12)
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H and 13C NMR Spectra of 4-vinyl benzyloxyhexanol (vBOHOH) (M 5.13)
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H and 13C NMR Spectra of 4-vinyl benzyloxyhexylbromide (vBOHBr) (M 5.14)
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1

H and 13C NMR Spectra of bromethyl norbornene (NBMBr) (M 5.15)
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6-bromohexyloxy norbornene (NBHBr) (M 5.16)
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H and 13C NMR Spectra of 6-bromohexyl phenyl norbornene (NBPHBr) (M 5.17)
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p(PHTMA) (P 5.1)

p(POHTMA) (P 5.2)
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p(BOHTMA) synthesis (P 5.3)
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p(NBMBr) and p(NBMTMA) (P 5.4)
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